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i 
ABSTRACT 
There are two very distinct welding modes in laser welding, keyhole and 
conduction mode. The characteristics of keyhole laser welding; mainly high 
penetration, high productivity and high aspect ratio have led the industry to 
focus more on this mode. On the other hand, conduction mode does not have 
high productivity and has a low aspect ratio, but deep penetration depths can 
also be achieved using this mode. Despite these disadvantages conduction 
mode has advantages such as stability of the welding process, high quality, 
better control of the heat input and no spatter. These characteristics are not 
normally associated with laser welding, mainly due to keyhole welding being the 
usual operational mode. Conduction laser welding is a more complicated 
process than might be expected. This is because of the conflicting requirements 
of maximising penetration depth whilst maintaining very high quality. This 
means that thermal transfer needs to be maximised but vaporisation needs to 
be zero. The aim of this research was to fully understand conduction laser 
welding mode and therefore, achieve maximum penetration whilst maintaining 
high quality. The approach was to use power density, interaction time and beam 
diameter as process parameters in order to study and understand the transition 
between conduction and keyhole welding modes. The study included the 
differences between using a continuous wave laser system and a pulsed wave 
laser system. Most of the study was made in mild steel and was also extended 
to stainless steel and aluminium to include the effects of the material properties 
on the transition. For process optimisation the effect of system parameters, 
power and welding speed, on optimum beam diameter in conduction mode was 
also examined for aluminium and mild steel. This included a comparison 
between the use of a statistical empirical model and a finite element model for 
optimisation of the process. Finally a comparison of residual stress 
development in conduction and keyhole welding modes was made. 
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1 
1 Introduction 
In recent years, most of the research around laser welding was focused on keyhole 
laser welding. The constant need of increasing productivity and achieving deeper 
penetration has led industry to focus even more on keyhole laser welding. However, 
for some new applications, the requirements have been somewhat different. These 
new applications require not only high productivity and high penetration, but also 
high quality and welds with good visual appearance. Based on this, conduction laser 
welding is a viable alternative to keyhole laser welding and to arc welding, especially 
TIG welding. Conduction laser welding does not have the productivity of keyhole 
laser welding, however when compared to TIG welding the productivity is very 
similar. In terms of quality, the welds obtained in conduction mode are similar to the 
ones obtained in TIG welding and superior to keyhole welding.  
 
Laser welding, depending on the processing conditions, has broadly two different 
operational regimes; conduction mode and keyhole mode. The beneficial 
characteristics of keyhole welding, especially the deep penetration depth and 
relatively small heat affected zone has attracted more industrial applications. On the 
other hand, conduction laser welding has been somewhat neglected by industry 
despite several advantages. Conduction welding can be a viable alternative to laser 
keyhole welding and to arc welding. The advantage of this welding mode is that no 
vaporization takes place. This means that the welds can show no porosity, no cracks 
and no undercut and are also free of spatter. It is also a very stable process that 
allows control of the heat delivered to the work piece. Due to the large beam 
diameters used in this mode the gap bridging ability is also enhanced. Conduction 
laser welding can also be achieved with significantly lower laser cost, because it 
does not require high beam quality or a very high power.  
 
Because most of the recent studies carried out in laser welding are focused mainly in 
keyhole laser welding the knowledge on conduction laser welding mode is still 
limited. For example the threshold between conduction mode and keyhole mode can 
be traced back to the 60’s, where it was assumed that if a laser weld is done over a 
certain power density value it is in keyhole mode and if it is under that value it is in 
2 
conduction mode [1]. This definition is often used, completely ignoring the beam 
diameter, interaction time, material and type of laser, if it is continuous wave or 
pulsed wave, which was used in the welding process. This might lead to the incorrect 
use and identification of conduction laser welding.  
This research presents results investigating the effect of different welding 
parameters, like beam diameter and interaction time, on the conduction mode 
threshold. Understanding the effect of these parameters on the conduction mode 
threshold is important when choosing to use conduction or keyhole mode. The effect 
of using a continuous wave or a pulsed wave laser system on the conduction mode 
threshold was also assessed. As also how the material properties will influence the 
conduction mode limits. 
The main focus of this thesis was the understanding of how the limits of conduction 
mode are influenced by different factors, like the material, the type of laser and the 
welding parameters. At the same time, in order to add to the knowledge of 
conduction mode, a comparison between the residual stresses obtained in keyhole 
mode and in conduction mode was also made. Also, the identification of the optimum 
beam diameter for Aluminium alloy 2024, was made for a range of powers and 
welding speeds. These allowed a better understanding on how conduction laser 
welding mode should be used, and how the different welding parameters influence 
conduction laser welding. 
The results from this work were published in relevant academic journals. A total of 
five papers are detailed in this thesis. In addition recommendations for further work 
are suggested and some examples of conduction laser welding applications that 
were developed during the duration of this thesis are given. 
  
3 
2 Thesis objectives and structure 
This chapter briefly summarises the objectives of this PhD research. This project, 
funded by the IMRC, focused on adding to the knowledge of conduction laser 
welding mode. Important properties of conduction laser welding, like the importance 
of the beam diameter and how the interaction time and the beam diameter influence 
the power density at which conduction mode threshold takes place were researched. 
The motivation behind this PhD thesis was the possibility of evaluating and 
challenging already established concepts about conduction laser welding and to add 
to the knowledge of conduction laser welding mode. 
2.1 Thesis Objectives 
The primary objective of this research was to understand the effect of different laser 
welding parameters on the conduction to keyhole mode transition, as well as the 
effect of the material properties and the type of laser on this transition. This was 
achieved by the following separate but yet interrelated objectives: 
 Understanding how the laser welding parameters of power density, interaction 
time and beam diameter, influence the conduction mode limits 
 Compare the welds obtained in continuous wave and pulsed wave lasers, 
using similar parameters, allowing a better understanding on how the welding 
modes are influenced by the type of laser used 
 Study the effect of material properties on the different laser welding modes 
and how these properties influence the conduction and keyhole mode limits 
 Understanding how the optimum beam diameter in conduction mode is 
influenced by the system parameters of power and welding speed 
 Characterisation of the residual stress state of the different welding modes 
 Disseminate / publish results in peer reviewed scientific journals 
Separated from the main objective of this work several applications of conduction 
laser welding were made during the duration of this PhD thesis (APPENDIX A). All 
4 
the work presented in this thesis was done at Cranfield Welding Engineering and 
Laser Processing Centre (WELP). 
  
5 
2.2 Thesis Structure 
This research is structured around five journal papers published as the research 
progressed. The thesis format is as follows. 
 
Chapter 3 begins by reviewing the current state of the art and literature of conduction 
mode laser welding. The different definitions of conduction mode, which are behind 
the motivation of this thesis, are shown and discussed. Some of the current 
knowledge of conduction laser welding mode is also reviewed in this chapter and a 
comparison between keyhole mode and conduction mode is also made. Finally 
some examples of applications where conduction mode is used are shown. 
 
The main outcomes are shown in chapter 4 to chapter 8. All of these chapters are 
formatted versions of papers submitted for publication. 
 
Chapter 4 is based on a paper that focuses on the transition from conduction to 
keyhole mode by increasing power density and using different beam diameters and 
interaction times. A continuous wave (cw) laser system was used to study the 
transition from conduction mode to keyhole mode. The results show that the 
transition between conduction and keyhole mode is not defined by a single power 
density value. This transition has a range of power densities that depend on the 
beam diameter and on the interaction time. 
 
Chapter 5 is based on a paper looking at the transition from conduction mode to 
keyhole mode for different materials. Completely different materials, in terms of 
thermal properties, were used in this study and the effect of power density was 
evaluated. A comparison in terms of penetration depth in the different welding modes 
was made for all the materials. The experimental results show that thermal 
properties like conductivity, melting temperature, vaporization temperature and 
thermal diffusivity have an important role in the transition between the welding 
modes and in the penetration depths obtained. 
 
Chapter 6 is based on a paper that focuses on a comparison between cw laser 
welding and pulsed wave (pw) laser welding, using interaction time, beam diameter 
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and power density as welding parameters. The results show that using these 
parameters the two lasers have very dissimilar behaviours in terms of penetration 
depth. Also the pulsed wave laser shows higher efficiency when compared to the 
continuous wave laser under the same welding conditions. 
. 
Chapter 7 is based on a paper that focuses on the identification of the optimum 
beam diameter, where the penetration depth is maximum, for aluminium 2024 for a 
range of power and welding speeds. The effect of the system parameters of power 
and welding speed on the optimum beam diameter was also assessed. The results 
show that these parameters influence the optimum beam diameter when in 
conduction mode. 
 
Chapter 8 is a final paper that compares the residual stresses obtained in keyhole 
mode with the residual stresses obtained in conduction mode. The residual stress 
characterisation was carried at the ENGIN-X strain scanner at the ISIS, UK. It was 
shown that although the maximum magnitude of tensile residual stress is similar in 
welded specimens manufactured under different welding modes the distribution 
profile is quite distinguished. The conduction welding mode resulted into a larger 
tensile stress domain as compared to the keyhole mode. 
 
Chapter 9 summarises and discusses the impact and contribution this work in adding 
to the knowledge on conduction mode laser welding. 
 
Chapter 10 present the overall conclusions from this work and it offers 
recommendations for expanding this research and adding to the knowledge on 
conduction mode laser welding. 
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3 Literature review 
The background and motivation that lead to this research is explained. A very 
succinct introduction to laser welding mainly focused on the applications is shown. 
The current definition of conduction laser welding mode and where does it start and 
finishes, based on the power density, is shown and discussed. This definition is the 
basis of this PhD project and most of the work done was surrounding this topic. 
Some studies focused on conduction laser welding are also shown and discussed, 
emphasizing the effect of beam diameter in this mode. A comparison between 
continuous wave and pulsed wave laser is given to give a better understanding of 
the work done in comparing this two laser types. Finally an overview of the most 
relevant applications of conduction laser welding mode in industry is shown. The 
idea is not only to emphasize how good and diverse the applications of this welding 
mode are, when compared to keyhole laser welding, but also to understand the 
flexibility of this welding process. 
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3.1 The use of laser welding 
Since the introduction of laser in the 1960s the use of lasers in joining materials has 
increased considerably[2]. The variety of lasers, like the CO2 laser, the Nd:YAG and 
more recently fibre laser, disk lasers and high power diode lasers come to increase 
the use of lasers by the industry.[2-16].  The applications of laser welding are very 
broad. Industries like automotive and aerospace, due to their use of light-weight 
structures, are the main users of laser welding [17-25]. 
 
Figure 1 - Photo of the AIRBUS A380 that has 8 welded panels in the lower 
fuselage (see arrows) and on the right the weld and the final panel[26] 
But not only automotive and aerospace industries use laser welding. Industries like 
shipbuilding[27, 28], the pipeline construction[29-31], medical appliances[32-36], 
jewellery[37] and even in nuclear power plants[38] apply laser welding. There variety 
of materials where laser welding is applied is also very broad. Materials like 
aluminium[27, 39-46], stainless steel[47-50], titanium[51-57], copper[58-60], 
magnesium[61-66] and even high strength steels[67-72]. The literature about the use 
of laser in welding these different materials is extensive. It is clear that the range of 
application of laser welding is very extensive not only where it is used but also on the 
materials welded with this process. However the full scope for application of laser 
welding, partially due to quality issues, is still quite restricted. 
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3.2 Comparison between keyhole and conduction laser welding 
There are two main operational regimes in laser welding, keyhole and conduction 
laser mode[1, 3]. The main difference between these two modes is the power density 
used in each (this will be discussed in the Chapter 3.3 - Study of the transition 
between conduction and keyhole mode). In this chapter the focus will be on the 
process differences between these two welding modes, like productivity, stability, 
spatter and others. The characteristics of keyhole laser welding led industry to focus 
on this mode. In fact all the applications mentioned in Chapter 3.1 were done using 
keyhole laser welding. The main characteristics of keyhole laser welding are the 
large penetration depth, the small heat affected zone and the high productivity of this 
process [3, 73, 74].  However, keyhole welding also shows several problems that 
may lead to high levels of porosities, instabilities, spatter (Figure 2) and other weld 
defects [3, 40, 75-83]. For example keyhole laser welding of aluminium shows 
numerous problems/difficulties. The high thermal conductivity, low boiling point 
elements and low viscosity are just some of the characteristics of aluminium alloys 
that lead to defects like loss of alloy elements, degradation of mechanical properties, 
excessive porosity and blow holes and to an unstable process when keyhole laser 
welding [81, 84-90]. Ion showed in a review paper how different aluminium series 
behave when keyhole laser welded. For example, when laser welding a 5000 series 
there is significant vaporisation of magnesium. This vaporisation creates fluctuations 
in the keyhole mechanism and it affects the properties of the weld. This results in 
coarse porosity and in an irregular weld beam. Also, the magnesium losses to the 
vaporisation reduces solid solution hardening and degrades the tensile strength and 
ductility in comparison with the base material [91]. In terms of the laser system, 
keyhole laser welding requires a relatively good beam quality[92]. 
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Figure 2 - High speed images of a blowout event that originates spatter in 
keyhole laser welding[82] 
One the other hand conduction laser welding shows several advantages that have 
been neglected by the industry. This welding process can be a viable alternative to 
keyhole laser and to arc welding. The main advantage of this mode is that no 
vaporization takes place. Because of this the welds show no porosity, no cracks, no 
undercut and the welds are spatter free. It is also a stable process which allows a 
better control of the heat delivered to the work piece. The use of larger beams in this 
mode reduces fit-up problems and the laser system used does not require a high 
beam quality[92]. One of the disadvantages attributed to conduction mode welding 
was that the penetration depth of the welds was small, around 2 mm[93]. Recent 
work has shown that it is possible to obtain high penetration depth, see Figure 3, 
using conduction mode welding and that this penetration is related to the parameters 
chosen[92] (this will be discussed in more detail throughout this work).  
 
Figure 3 - Conduction laser weld with 6.35 mm of penetration[92] 
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One of the disadvantages of conduction mode laser welding is the coupling 
efficiency of this process, especially when welding high reflective materials. Coupling 
is basically the percentage of energy that comes from the laser that is absorbed by 
the material. In keyhole laser welding most of the beam is absorbed, however in 
conduction the amount of laser beam absorbed by the material is smaller. For 
example, when laser welding stainless steel the absorption of the laser beam in 
conduction mode is around 15 % while in keyhole mode it jumps to 65%[94]. The 
increase of the absorption is a good indicator of the formation of a keyhole due to the 
increase of the coupling. However, the values of coupling depend on several factors, 
like the wavelength of the laser, the surface condition, the material and the thickness 
of base material [89, 94, 95]. Some studies have been made in measuring the 
coupling for different materials. While for steel the coupling was between 20 and 
90% in aluminium it varied from 10 to 80%[95-97]. 
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Table 1 - Advantages and disadvantages of conduction and keyhole laser 
welding 
Process Advantages Disadvantages 
Keyhole laser 
welding 
Low heat input which results low 
distortion 
Deep penetration welds with a high 
aspect ratio 
High productivity 
Unstable process 
High levels of porosity 
High amount of spatter 
Loss of alloy elements 
Degradation of mechanical 
properties 
Less gap bridging ability/High 
fit up tolerance 
Requires a laser system with 
a relatively good beam quality 
Conduction 
laser welding 
No vaporisation takes place – 
which means no porosity, no crack 
and no undercut on the welds 
No spatter during welding 
Stable process with control of the 
heat input 
Good gap bridging ability due to 
the large beams used 
Does not require a laser system 
with a high quality beam 
Low coupling efficiency 
Slow process/Low productivity 
High heat input which means 
higher distortion 
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A brief comparison between conduction and keyhole mode is shown in Table 1.It is 
these characteristics, completely different from the characteristics of keyhole laser 
welding, which make conduction mode laser welding an interesting welding process. 
Due to the differences on the welds obtained and on the welding process itself 
conduction laser welding tends to increase the applications of laser welding and not 
“compete” with keyhole laser welding. 
3.3 Study of the transition between conduction and keyhole mode 
Due to the simple nature of conduction mode not much research as gone to this 
process. However new research areas, like hyperbaric laser assisted welding and 
dissimilar materials laser welding, resulted in an increased interest in conduction 
mode. The major difference between conduction and keyhole welding is the power 
density applied to the welding area. When the power density used is insufficient to 
cause boiling the weld occurs in conduction mode. The alternative to this mode is 
keyhole mode welding, in this case the power density is enough to provide 
evaporation and open a hole in the melt pool. Despite different studies of these two 
welding modes the boundaries between them are not clear in terms of processing 
parameters. Often it is considered that conduction welding occurs when the power 
density is lower than 106 W/cm2 [98-100] this value being completely independent of 
the welding speed and the beam diameter used. It is also sometimes considered that 
conduction welding occurs when the value of the laser power is low, of the order of 
one kilowatt; at this low value the power density at the surface of the weld material is 
limited. Despite these different definitions for conduction laser welding, there is one 
fundamental point where there seems to be agreement, which is that conduction 
welding occurs when the vaporisation of the material is insignificant [3, 99] or when 
the power density is not enough to cause boiling [98]. Another definition for 
conduction laser welding mode is that it shows an aspect ratio smaller than 0.5[101]. 
Nevertheless these definitions have one thing in common, they do not take into 
account other welding parameters like beam diameter and welding speed. A 
schematic of the current definition of conduction and keyhole laser welding is shown 
in Figure 4. 
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Figure 4 - Common definition of the transition between conduction and 
keyhole welding 
There are a large number of papers, mostly based on modelling, related to the 
formation and the physical phenomena of keyhole laser welding [77, 102-123]. The 
literature in this area is extensive so a full assessment of all the work done would be 
exhaustive and unnecessary for this project. However, it is important to point out that 
none of the papers previously mentioned relate the process parameters to the 
formation of keyhole or evaluate the transition between conduction and keyhole 
mode, which is where the keyhole starts to form. 
Only a few studies focused on the transition between conduction and keyhole laser 
welding mode were carried out. The following text shows the relevant work done in 
this area. 
Beyer et al. studied the absorption of a laser induced plasma during laser processing 
for a continuous wave laser[124]. The main focus of this paper was not the study of 
the transition between conduction and keyhole mode. However, a relation between 
power density, interaction time and beam radius and the threshold power density for 
vaporization was established. Mainly in the region of laser welding (between 1 and 
100 ms of interaction time) where the power density necessary for vaporization is 
dependent on the beam radius and on the material,  
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Interaction Time [s] 
Figure 5. Regarding the interaction time the power density for vaporization it did not 
show any dependence, there was just a small effect at 1 ms interaction time for 
steel. However, this paper did not give any explanation for this effect. This part of the 
paper relied on an analytical equation that represents the temperature at the surface 
of the material at the centre of a Gaussian beam[125].However, no final conclusion 
related to the transition between conduction and keyhole laser welding was made.  
 
 
Figure 5 - Laser power density necessary to reach vaporization temperature at 
the centre of the beam as function of time[124] 
Liu et al. [126, 127] studied the effects of process variables on pulsed laser welding, 
for stainless steel and aluminium, Figure 6. They concluded that the power density at 
which keyhole mode starts is almost independent of the pulse duration. However 
there was a change in the power density at which keyhole starts depending on the 
material. This was, in part, in agreement to what was previously considered to be 
true [125]. However, the threshold power density, for when keyhole starts, for 
Stainless Steel was 4 X 106 W/cm2 and 106 W/cm2 for Aluminium (which in the case 
of the Stainless Steel is different from the 106 W/cm2 mentioned previously) and so 
dependent on the material [126, 127] . This study did not consider the laser beam 
diameter as a process variable that influences the power density, that was changed 
by changing the power, where keyhole starts. Also the identification of a conduction 
weld and a keyhole weld was done based on a single aspect ratio (depth/width), if it 
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was over 0.4 for stainless steel and 0.2 for aluminium than the weld was done in 
keyhole mode. And once again this value that separated conduction mode from 
keyhole mode was considered to be independent of the interaction time. 
 
Figure 6 - Variation of penetration, for aluminium, with the power density and 
the pulse time[126] 
Zhang et al. [128]studied the transition between the different laser welding modes 
using a continuous wave laser. In his work he concluded that laser power, focal 
position and travel speed will influence the welding mode. However the described 
double-U curve, Figure 7, is difficult to apply in a more broadened parameters range. 
By changing the beam diameter, with constant welding speed, the process 
parameters of power density and interaction time were also changed, making the 
interpretation of this curve more difficult. However he was able to evaluate that there 
is a transition mode between conduction and keyhole. This is opposite to what was 
shown previously, that there is a sharp transition between these two modes. 
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Figure 7 - Mode transition curve (double-U curve) determined by laser power 
and focal position. Where the empty circles represent welds done in keyhole 
mode, the full circles welds in the unstable mode(transition mode) and the 
triangles welds done in conduction mode[128] 
 
Buvanashekaran et al. [129] using a finite-element model evaluated the welding 
mode based on different energy levels. They concluded that there was a range of 
power densities were conduction mode takes place, between 103 and 104 W/cm2. At 
a welding speed of 1000 mm/min and with a beam diameter of 0.6 mm it was 
concluded that the transition from conduction to keyhole mode took place with 400 W 
of laser power. In this work despite concluding that there was a range of power 
densities were conduction mode took place no relation between the parameters and 
the welding mode was made.   
Sibillano et al. [130] used real-time monitoring of the plasma, formed during the 
different welding regimes, to identify the welding mode. In this study a continuous 
wave CO2 laser was used. The study of the plasma emission produced in laser 
welding was done by analysing the chemical species present in the plasma.  He was 
able to correlate the spectroscopy data with the switching between the different 
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welding modes. However this study showed no relation between the welding 
parameters and the welding mode. It also relied on the definition that the welding 
mode is defined based on the power density used (>106 W/cm2 for keyhole and <106 
W/cm2 for conduction).  
Nakamura et al. [101] studied the optical and acoustic emissions from a continuous 
wave laser irradiated spot. By analysing the optical and acoustic emissions from the 
laser irradiated point he was able to evaluate the transition between keyhole and 
conduction mode. However the identification of the welding mode was based on the 
ratio between penetration and width. If the ratio was smaller than 0.5 than then weld 
would be in conduction mode, if it was higher it would be in keyhole mode. For a spot 
size between 0.23 and 0.29 mm he suggested that at 3kW the transition between 
conduction mode and keyhole mode would take place at a range between 6 to 8 
m/min for a stainless steel (SUS 304), between 3 to 4 m/min for a mild steel (SS 
400) and between 2 to 3 m/min for aluminium (A5083). However, no relation was 
established between the welding parameters and the welding mode. Also, the use of 
a single value, independent of the material, for the ratio that separates conduction 
mode from keyhole mode opposes what was shown by Liu et al. [126, 127]. 
All these works do not relate the transition from conduction to keyhole to the process 
parameters and how the process parameters influence the transition between 
conduction and keyhole. In some points the works even show different conclusions. 
For example, while in some cases it shows that there is a sharp transition between 
conduction and keyhole regime, for example in the work shown by Nakamura et al. 
[101]. In other works a regime between conduction and keyhole regime was 
identified, like it was shown it the work by Zhang et al. [128]. The presence of two or 
three welding modes in laser welding is also a common difference in some works. 
The following text shows some examples of those differences. 
Zhang et al. [128] identified three kinds of laser welding process, stable Heat 
Conduction Welding, stable Deep Penetration Welding and Unstable Mode Welding. 
The existence of this Unstable Mode Welding or Transition mode was attributed to 
thermal focusing or to an unsuitable selection of the welding parameters. The 
existence of this unstable mode, which was attributed to welding mode fluctuation, 
was previously identified by Chen[131] and Zhang[132].  
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The existence of just conduction mode regime and keyhole mode regime in pw laser 
welds was investigated by the use of a model. The model showed by Semak, which 
is an integration of Von Allmen’s model and Anisimov’s model [133-135], relates 
metal displacement to the vaporisation recoil pressure [134]. In this model the melt 
displacement happens when the vaporisation recoil pressure accelerated the melt 
created in the fusion zone allowing this molten material to reach the edge of the 
molten pool. In this model it was possible to identify three different thresholds. One 
for when melting starts to take place, another for when displacement starts to 
happen and another for drilling. In this model Semak observed that at energies levels 
lower than the drilling threshold and higher than the displacement threshold was 
where the keyhole mode regime took place. On the other hand he assumed that the 
regime between the displacement threshold and the melting threshold was when the 
conduction mode regime took place[134], Figure 9. In this work no regime was 
identified between conduction and keyhole regime.  
 
Figure 8 - Identification of the different welding regimes, conduction and 
keyhole, in pulsed laser welding by Semak[134] 
Colegrove et al. [136] work, based on the Von Allmen drilling model, identified three 
different regimes in pulsed laser welding. They were conduction mode, mixed mode 
and keyhole mode regime, Figure 10. In the conduction mode the evaporation is 
limited, and the melt pool is responsible for the weld shape. In the mixed regime 
evaporation starts to become relevant, however the summation of the hole (caused 
by the evaporation of material) and of the molten material depth does not suffer a 
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considerable increase. In the keyhole regime the molten layer is extremely thin when 
compared to the depth of the hole, and the depth of the weld is mainly due to the 
depth of the hole. The presence of these three regimes had also been shown 
previously by Steen[98] and Ahmed[137]. 
 
 
Figure 9 - Identification of three welding mode in pulsed laser welding [136] 
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Figure 10 - The three welding regimes in pulsed laser welding[136] 
Buvanashekaran et al. [129] identified three laser welding modes that are 
determined by the laser power and welding speed. Although, he establishes that the 
transition between conduction and keyhole for a 1000 mm/min welding speed would 
occur at 400 W beam power. If a mode between conduction and keyhole was 
identified these values should represent the end of conduction or the beginning of 
keyhole mode and not the transition between this two modes. 
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Figure 11 - Identification of the three welding modes showed by 
Buvanashekaran[129] 
In Sibillano et al. [130] work he also identified a mixed mode in laser welding. He 
defined this regime as having properties of both conduction and keyhole. This was 
noticed when the power density was just over the threshold for keyhole mode and so 
it was assumed to be caused by unstable keyhole formation. 
Based on the literature review the threshold of conduction laser welding mode is 
confusing and does not take into account the process parameters. The number of 
regimes and if the transition between conduction and keyhole mode is a sharp or 
smooth transition is also unclear and quite confusing. With several authors 
contradicting each other.  
The following questions were identified during this literature review. 
 Is the power density that limits conduction laser welding mode from keyhole 
mode independent of the process parameters, such as interaction time and 
beam diameter? If not, how will it change with the beam diameter or with the 
interaction time? 
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 Is the transition between conduction mode and keyhole mode a sharp 
transition or is there a regime between? 
 Are these effects different in a continuous wave laser when compared to a 
pulsed wave laser? 
3.4 Conduction laser welding background 
Conduction welding mode is mainly controlled by convection and conduction. In the 
specific case of laser welding at high power densities a temperature gradient will be 
formed that itself will lead to surface-tension gradient also known as Marangoni 
effect. The literature about Marangoni effect is extensive, work done by Zhao[138] , 
Limmaneevichitr[139-141] and Chan[142, 143] are just a few examples . This effect 
is responsible for the geometry of the laser melt pool, like its shape and aspect ratio. 
The composition of the melt pool during conduction laser welding is also influenced 
by the Marangoni effect, mainly due to the fact that this effect is responsible for the 
mixing of material that happens during the laser welding process[144]. In this mode 
the energy is absorbed at the surface and by thermal conduction is transferred to the 
interior of the material [3] 
 
Figure 12 - Schematic of conduction laser welding[98] 
Conduction welding can be a viable alternative to keyhole welding mainly due to the 
fact that it is a very stable process and easier to obtain high quality welds free of 
pores and spatter [145]. This mode takes place when the vaporisation of the material 
is insignificant, in other words, when the thermal power density is not high enough to 
cause boiling [146]. Another advantage of conduction laser welding is that it can be 
made with a significantly low laser cost, because it does not require a high beam 
quality or a very high power [99].  
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Some studies, based on modelling and followed by experimental validation, have 
shown that there is an optimum beam diameter, this means that for a certain value of 
power and travel speed there is a specific beam diameter in which the penetration is 
maximum. This phenomenon occurs when by increasing the beam diameter the 
temperature at the surface remains at vaporisation temperature. In other words, 
when welding in conduction mode a progressive increase in the spot size will result 
in an increase in penetration depth as long as the temperature at the surface of the 
work piece is maintained at boiling temperature, however when the optimum beam 
diameter is achieved the increase of the spot size will result in a decrease of the 
penetration depth because by increasing the spot size the temperature at the surface 
will decrease, which means it will be lower than the boiling temperature [92, 146] 
[145, 147]. 
 
Figure 13 - Variation of the surface temperature and the penetration, with beam 
radius, in aluminium for a constant power and welding speed [92, 146] 
Based on this principle, Figure 13, Bardin was able to control the conduction mode 
welding process by thermal measurements. Controlling the temperature of the 
welding process, keeping it just below the boiling point of the material, allowed him to 
obtain the maximum penetration. He also noticed that when the temperature went 
over the boiling temperature the presence of porosity was clear [146, 147]. 
One of the first works on conduction laser welding was done by Esposito et al. [148]. 
An evaluation of the welding parameters based on a theoretical model and 
experimental data was showed. One of the conclusions was that the temperature 
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was controlled by the beam diameter and that the raising of temperature over the 
boiling point would reduce the process efficiency. It was also concluded that the 
welding speed was related to the width desired of the weld and that the choice of the 
beam diameter was made by choosing a beam diameter that would provide a better 
coupling of the beam energy with the welding pool. He concluded that it was the 
beam diameter that controlled the temperature of the weld pool and that by 
controlling and choosing the correct beam diameter the efficiency of the welding 
process could be maximised[148]. However in this work the relation between welding 
speed, beam diameter and laser power was not fully discussed and evaluated. The 
principles behind this work were correct. The issue was how it related the choice of 
the beam diameter to the coupling and not to the control of the maximum 
temperature at the surface of the weld pool (as shown previously).  
Paul and DebRoy [149], based on numerical solutions of Navier-Stokes equation and 
the equation of energy conservation, simulated the weld pool shape and the peak 
temperature. The results showed a good approximation to the experimental data 
however no evaluation of the welding parameters on the weld shape was made. 
They also shown that the temperature achieved in the laser-material interaction was 
close to the boiling point of the material. This part emphasizes that in this welding 
mode the no vaporization of material takes place. Zhao and DebRoy [150] also 
evaluated the composition change in conduction mode laser welding of aluminium. 
They noticed that when vaporisation takes place in conduction mode it is confined to 
a very small region under the laser beam. This vaporisation takes place due to a 
slight increase of the temperature over the boiling point of the aluminium. However 
based on Paul and DebRoy [149] in conduction mode the vaporisation of material 
should be zero.  
An interesting work was done by Kell. He evaluated the use of different beam 
profiles in conduction laser welding, maintaining the same energy density for the 
different beams profiles. The used beam profiles were; Gaussian, Top-Hat, Rugby 
Post and Peaked edge line[151].The conclusions shown were more related to the 
macrostructure/weld pool dimension obtained by each beam profile and on the 
welded profile. However, based on Figure 14, the assumption of the paper that all 
the welds were made in conduction mode does not seem to be completely correct. 
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While the weld profile obtained using the peaked edge line is clearly in conduction 
mode the weld profiles obtained using the other beams might not be. The reason 
might be related to the irradiance distribution obtained in all the profiles, which in the 
case of the peaked edge line might be more suitable for conduction laser welding.  
 
Figure 14 - Micrographs and respective beam profiles of the welds obtained   
a) Gaussian, b) Top-Hat, c) Rugby post and d) Peaked edged line[151] 
There have been some relevant studies on conduction mode laser welding, 
especially the work done by Morgan[92], Bardin[146, 147] and Okon[145]. These 
studies will be the base for part of this thesis, especially in comparing the effect of 
power, welding speed and beam diameter in different materials.  
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3.5 Types of laser 
This part of the literature review will give a very quick overview of the two main types 
of lasers, pulsed wave laser (pw) and continuous wave laser (cw)[3]. Focusing on 
the different welding parameters normally associated to each laser type. The main 
difference between these two lasers is the Power Output, Figure 15. 
 
Figure 15 - Difference between the Output power of cw and pw. The energy 
(that is represented by the shaded area) is concentrated in pw laser[152]. 
More information about these two lasers can be found on text books (Ready[3] and 
Breck[152]). The differences between cw and pw laser are also translated in the 
process parameters normally used in both lasers. The normal parameters used in cw 
laser welding are welding speed, power and beam diameter [153, 154]. On the other 
hand, the parameters normally used in pw laser welding are pulse duration, pulse 
energy, average peak power and beam diameter [155-158]. So the difficulty in 
comparing these two lasers is in using the same parameters.   
There have been a lot of studies on pw[138, 159-167] and cw[49, 108, 116, 117, 
168-171] laser welding. However, there are fewer studies that compare cw and pw 
laser welding. One of the few works done in comparing these two types of lasers 
was done by Kuo et al. [172]. In his work he compared a pulsed and a continuous 
Nd:YAG laser in welding an Inconel alloy. Maintaining the same mean power, also 
known as average power, and the same beam diameter he evaluated the welds 
28 
obtained using different welding speeds and different peak to base power ratio. The 
work was not carried out with a pulsed laser but with a modulated cw laser. Also 
there was no “off-time” of the laser, like normally seen in pw lasers. Despite this work 
focused more on the porosity shown by the welds some interesting effects could be 
observed. It is possible to see that having a higher peak power, with the same 
welding speed, a higher penetration is achieved. For example, with a welding speed 
of 1300 mm/min full penetration was achieved with a peak power of 3090 W while it 
was not achieved with a peak power of 2590 W. 
 
Figure 16 - Power output waveforms and respective macrographs[172] 
Kuo et al. [41] used the same type of approach to evaluate the effect of pulse level in 
aluminium alloys. The results shown in this work were contrary to the results done on 
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the Inconel alloy. It was observed that in order to obtain full penetration it was 
required a slower welding speed for a pulse with higher peak power than it was for 
the continuous wave. In both works there was no justification for these two 
completely distinguished phenomenons.  
Fuerschbach et al. [173] using power density as a common parameter for cw and pw 
compared these two types of lasers. He observed that using the same power density 
the penetration obtained in a cw CO2 laser was higher than the penetration obtained 
using a pw Nd:YAG laser. However this comparison was not accurate. Mainly 
because there was no co-relation between the welding speed and the beam 
diameter of the cw CO2 laser welds and the pulse duration and beam diameter of the 
pw Nd:YAG laser. This means that the comparison might have been done at 
completely different interaction times and beam diameters, which makes the 
comparison between these two laser types incorrect.  
Ludovico et al. [174] evaluated the use of a CO2 cw laser and of a Nd:YAG pw laser 
in welding a AA2024 aluminium alloy. In this work no comparison between the two 
lasers systems was made and the work focused on the possibility of welding AA2024 
using either laser source. This work is an example on how, normally, a comparison 
between a cw and a pw laser is carried out. A comparison made between using a 
laser system for a specific application rather than a like for like comparison. Where 
the parameters chosen for the pw laser welds are similar to the parameters used in 
the cw laser welds. 
In terms of applications pw laser welding is normally associated to micro welding, 
mainly due to the precision of this type of laser. 
It is clear that a comparison between these two laser types, using the same process 
parameters, has rarely been done. Mainly because the parameters used for this two 
laser types are different, this makes the relation between each laser type parameters 
more difficult to achieve. The comparison between this two laser types is relevant for 
this work. This will allow an understanding if there is any difference in behaviour in 
conduction laser welding using a pw or a cw laser. 
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3.6 Applications of conduction mode 
The number of applications that use conduction laser welding is very low when 
compared to the number of applications that use keyhole laser welding. Even the 
works that used conduction laser welding do not mention this welding mode. In these 
cases a closer look at the welding parameters proves that this mode was used. One 
of the first application of conduction laser welding goes back to 1970, when it was 
used to weld thermocouples to a sample container carried by the Apollo space 
shuttle[175]. Other applications like welding seals of electronic packages[176], 
welding non precious dental alloys[177] and welding cardiac pacemaker 
batteries[178] have used conduction laser welding. 
One of the applications that conduction laser welding has been most used is in 
welding aluminium alloys. The issues of welding aluminium alloys using keyhole 
laser welding have been discussed in Chapter 3.2 - Comparison between keyhole 
and conduction laser welding. These problems in using keyhole in laser welding of 
aluminium alloys can be overcome by using conduction laser welding. Some 
examples of the application of conduction laser welding in aluminium is the work 
done by Morgan[92],by Okon[145] and by Sanchez-Amaya[100, 179]. The results 
showed that by using conduction mode laser welding it is possible to obtain welds 
free of pores and cracks, two defects normally associated to laser welding of 
aluminium. In terms of the penetration achieved Okon was able to obtain full 
penetration in 3 mm thick AA5083[145], Sanchez-Amaya was also able to obtain full 
penetration on 3 mm thick AA5083 and 2.3 mm penetration on AA6082[179], while 
Morgan was able to achieve full penetration on 6.35 mm thick AA2024[92].  
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Figure 17 - Some examples of conduction laser welding in AA6083 with 
different power and welding speeds[179] 
Another application of conduction laser welding is in joining of dissimilar materials 
[18, 180, 181]. One of the most used combination of materials in aluminium to steel 
weld. Due to the difficulty of this type of weld several studies using resistance spot 
welding [182, 183],arc welding [184, 185], brazing [186] and Friction Stir Welding 
[187, 188] have been made. However, in recent year’s laser welding has been 
introduced as an alternative for welding steel to aluminium. Studies using keyhole 
welding in order to join aluminium to steel were made [189-191] but with limited 
success. However, studies using conduction laser welding have shown very good 
results [192-194]. The advantage of using conduction laser welding in this 
application is related to the stability of the process that allows a better control of the 
temperature in the interaction area between the aluminium and the steel [193]. 
The use of conduction mode welding on magnesium alloys has also been accessed 
[65, 195]. It was possible, using conduction welds, to obtain a weld with less 
porosity, fewer cracks and with a smaller crater. However, in these works, it is 
unclear if the welds were made in “pure” conduction mode. The profiles showed by 
the welds resemble a conduction mode. But the presence of a high vaporization in 
the welding process raises some issues about the use of conduction laser welding 
[195]. Even so the use of an “almost” conduction mode weld has shown encouraging 
results in laser welding of magnesium alloys. 
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The introduction of new high power diode lasers will increase the use of conduction 
laser welding[196]. Mainly because the use of this type of lasers will solve one of 
conduction laser welding biggest issues, the low beam absorption, due to the 
wavelength of these lasers. Applications like esthetical welds, brazing, cladding, 
soldering and polymer welding, that are normally done in conduction mode will 
increase[197]. Figure 18 shows some examples of conduction laser welding using a 
diode laser. 
  
Figure 18 - Kitchen sink weld (left) and powder deposition (right)[197] 
The use of high power diode laser allows the use of conduction laser welding in 
materials like aluminium and titanium [52, 100, 179, 196], without any concerns 
related to the absorption of the laser beam by the material due to the fact that the 
wavelength of diode lasers is better absorbed by these types of materials. Abe et al. 
[198, 199] showed some applications using this type of laser. However, in no part of 
his work he mentioned conduction laser welding mode. A closer look at the welds 
obtained, Figure 19, and at the characteristics of the welding process (no spatter and 
no plasma) it was clear that the welds were made in conduction mode. Funada and 
Abe also used conduction laser welding on thin film with good results [200-202]. 
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Figure 19 - Examples of conduction laser welding using a high power diode 
laser[198] 
Bassani et a. [203] also used diode laser source to study the effect of process 
parameters on laser welding of an Aluminium metal matrix composite reinforced with 
SiC particles. In this work a comparison was made between using a CO2 laser to 
create a weld in keyhole mode while a diode laser was used to produce a conduction 
mode weld, Figure 20. The welds obtained in conduction mode showed a good 
metallurgical quality and the formation of Al4C3 was reduced considerably when 
compared to the welds made under keyhole mode. 
 
Figure 20 - Some examples of diode laser welding, in conduction mode, of 
A359/SiC metal matrix composite[203] 
The application of a diode laser in welding titanium was also accessed by Block et 
al.[54]. In this work no reference to conduction laser welding was made but the 
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profile of the welds and the parameters used indicate that the welds were made in 
conduction mode, Figure 21.  
  
Figure 21 - Laser filler weld seams on titanium [54] 
Diode lasers have also been used in laser welding magnesium alloys with good 
results, which include the resistance increase to corrosion and wear [204-206]. Once 
again there is no reference to conduction mode laser welding but the profiles shown 
in Figure 22, mainly the low aspect ratio, indicate that conduction was the welding 
mode used. 
 
Figure 22 - Macrographs of laser welded AZ61 magnesium alloy [205] 
 
These last applications emphasize on how the appearance of new high power diode 
laser will increase the use of conduction mode laser welding. With the number of 
applications of conduction laser welding increasing it is important to better 
understand the limits and the process of conduction laser welding. 
However conduction mode is not only used in laser welding. Other application is 
laser cladding or also known as laser metal deposition [207, 208]. Despite in the 
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literature related to laser cladding references to conduction mode are very few. 
Based on the parameters used, mainly the low power densities used, the properties 
of the cladding process (no spatter and stable process) and the properties of the clad 
(free of pores) it is possible to conclude that the process is normally done in 
conduction mode. Some studies mention that the power densities used are below 
the threshold for plasma formation which means bellow the start of vaporization[208], 
emphasizing the fact that conduction mode is used in laser cladding. Contrary to the 
application of conduction mode in laser welding the number of application of laser 
cladding is extensive [208-217]. These types of applications is an example on how, 
very often, conduction mode laser welding is mistaken by keyhole laser welding. As 
mentioned previously the number of applications that use laser cladding is vast 
however it is not mentioned that laser cladding is done in conduction mode which 
leads to some mistakes in terms of parameterisation.  
  
Figure 23 – Manufacturing of a 3D block of a Ti-47Al-2Cr-2Nb (left) [217] and 
manufacturing of a Cp-Ti tube (right) [218] 
Conduction mode laser welding is also used in welding plastics. This process is 
sometimes referred to as laser transmission welding [219, 220]. This process 
requires a very controllable heat delivery to the work piece. It also requires a very 
stable welding process.  
An innovative application of conduction mode is in underwater laser beam welding. 
This technique is used in the nuclear industry for repair/maintenance applications. In 
this application, which is a laser cladding process and not a laser welding process, 
the heat input to the base material needs to be extremely well controlled. The 
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principle behind this application is to deposit a cladding layer in order to avoid crack 
propagation in the base material. 
  
Figure 24 – Schematic of underwater laser beam welding (left) underwater 
laser beam welding deposit (right)[221] 
 
These examples of applications of conduction laser welding emphasize the 
characteristics mentioned in Chapter 3.2. Mainly the stability of the process, the 
control of the heat delivered to the work piece and the quality of the welds obtained 
in this welding mode. 
  
37 
4 Interaction time and Beam Diameter effects on the 
Conduction Mode Threshold 
This chapter presents a paper analysing the transition between conduction mode 
and keyhole mode. Laser welding has two distinctive modes, keyhole and 
conduction mode. Keyhole mode is characterized by deeper penetration and higher 
welding speeds, while conduction mode has better quality welds with no defects or 
spatter. This study focuses on the transition from conduction to keyhole mode by 
increasing power density and using different beam diameters and interaction times. 
Based upon the results it was possible to evaluate that there is a transition mode 
between conduction and keyhole mode. The results show that the transition between 
conduction and keyhole mode is not defined by a single power density value. This 
transition has a range of power densities that depend on the beam diameter and on 
the interaction time. This study allows the identification of the power density that 
limits conduction mode, based on parameters such as beam diameter and 
interaction time instead of a single power density value independent of these 
parameters. 
 
E. Assunção conceived the experimental methodology in addition to all welding 
planning of experiments and material analysis.  
 
S. Williams and D. Yapp provided supervision and technical advice. 
 
 
 
 
 
 
 
 
 
E. Assunção, S. Williams, D. Yapp. “Interaction time and beam diameter effects on the 
conduction mode limit”. Optics and Lasers in Engineering, 2012, Volume 50, Issue 6, pp. 
823-828.  
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4.1 Introduction 
There are two main modes of laser welding, conduction and keyhole[98] with many 
example applications of these. However the number of applications that use the 
keyhole mode[22, 49, 222] is considerably higher than the number of applications 
where conduction mode is used[100, 223]. The advantages that conduction mode 
presents such as no porosity, cracks and undercut in the welds along with the fact 
that there is no spatter during welding makes this a useful mode[92]. The main 
difference between conduction and keyhole mode welding is the power density 
applied to the welding area. In conduction mode the power density applied is 
insufficient to cause significant vaporisation [3, 98, 99]. While in keyhole mode the 
power density is high enough not only to vaporize material but to open a hole in the 
melt pool. Despite many studies on these two welding modes the boundaries 
between them are not clear in terms of processing parameters. For example 
sometimes the separation between conduction and keyhole welding is described as; 
if the power density is lower than 106 W/cm2 the weld is in conduction mode, if it is 
higher than this it occurs in keyhole mode [3, 99, 100, 179]. Other definitions based 
on the power are also used, e.g. if the weld takes place with a laser power, of the 
order of one kilowatt; it is considered that the weld is in conduction mode [3]. These 
definitions only rely on the power density or laser power used during the process, 
completely neglecting other parameters such as the welding speed or the beam 
diameter used. These definitions also assume that there is a sharp transition 
between conduction and keyhole mode [3, 98-100, 179], meaning that there is no 
transition regime. The number of studies focused on the transition between 
conduction mode and keyhole mode is very limited. An example is the study done by 
Sibillano where he was able to determine the welding mode by studying the 
plasma/plume emission during welding based on the spectroscopy data [130]. 
However this study does not relate the welding parameters to the welding mode and 
relied on the fact that there is a single power density separating conduction mode 
and keyhole mode.  Another study that focused on the transition between conduction 
and keyhole mode laser welding was carried out by Zhang et al.[128]. In his work he 
studied the transition between the different welding modes using laser power, focal 
position and travel speed as his process parameters. During this study he identified 
three welding modes , heat conduction welding, stable deep penetration welding and 
39 
unstable mode welding, which is the transition mode. The unstable mode welding 
had been previously identified by Chen et al.[131] and Zhang et al.[132] and it was 
attributed to thermal focusing [224, 225] , to an incorrect selection of welding 
parameters or to welding mode fluctuation. More studies have shown the presence 
of a regime between conduction mode and keyhole mode[98, 129, 136, 137, 226], 
while other studies just take into account two welding modes[134, 227] . The 
transition between conduction mode and keyhole mode is somewhat unclear, not 
only in terms of which and how the different process parameters will influence this 
transition but also related to the presence or not of a transition mode.  
The depth-to-width ratio or aspect ratio is also used to distinguish between 
conduction and keyhole mode. It is assumed that over a certain ratio value the weld 
will be in keyhole mode and below it will be in conduction mode[127]. 
In this paper, the fundamental material interaction parameters of power density and 
interaction time[98, 99] are used. The specific point energy parameter is also used. 
The power density is calculated using the following equation, 
               
 
       
,  (1) 
Where P is power and A(Beam) is the area of the laser beam. Interaction time is 
calculated based on the following equation; 
ti 
db
V ,  (2) 
Where db is the beam diameter and V is the welding speed. The interaction time can 
be interpreted as the heating time of the process on the centreline of the weld [99].  
The specific point energy is calculated based on the following equation; 
       
              
  Power density             ,   (3) 
The use of these parameters allows a like for like comparison between different 
beam diameters.  
40 
The objective of this paper is to investigate the current definition of conduction and 
keyhole mode and to see if the transition between conduction and keyhole mode is a 
sharp transition. An evaluation of the beam diameter and interaction time effect on 
the upper limit of power density for conduction mode is also made. Understanding 
the effect of these parameters on this limit is important when choosing to use one 
mode or the other. 
4.2 Experimental Procedure 
The welds were produced using an IPGYLR-8000 fibre laser with a maximum power 
of 8000 W and a wavelength of 1070 nm. The delivery system consisted of a fibre 
with a diameter of 300 µm. a 125 mm collimating lens and five different focal length 
lenses. The focusing lenses used and the respective beam diameters in focal 
position are shown in Table 2. By using different focusing lenses several beam 
diameters were obtained without defocusing and without altering the laser beam 
profile. 
Table 2 - List of focusing lens used and respective beam diameters in the focal 
position 
Focusing Lens 
Beam Diameter in 
the focal position 
ff = 300 mm 0.74mm 
ff = 400 mm 0.95 mm 
ff = 500 mm 1.18 mm 
ff = 680 mm 1.61 mm 
ff = 1000 mm 2.35 mm 
 
The focal position and the beam diameter for the different lenses used were 
determined using a Primes GmbH Focus monitor system. A typical beam profile is 
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shown in Figure 25 , indicating that the beam had an approximately ‘top-hat’ profile. 
The laser power was calibrated using an Ophir Laser Meter; model 20K-W. 
2D profile 
of the 
Laser 
Beam 
 
3D profile 
of the 
Laser 
Beam 
 
Figure 25 - 2D and 3D profile of the laser beam of the cw laser with a focussing 
lens of ff = 500 mm 
 
The experiments were carried out by increasing the laser power and maintaining a 
constant beam diameter. This increased the power density, equation 1, whilst 
maintaining a constant interaction time, equation 2. For different interaction times the 
beam diameter was maintained constant and the travel speed was changed in order 
to obtain the values required. 
The material used was S355 mild steel 12 mm thick. The plates were cleaned using 
a wire brush and then with acetone in order to avoid organic contamination of the 
welds. The chemical composition of the S355 mild steel is presented in Table 15. For 
the metallographic preparation all the samples were mounted, polished and etched 
using Nital 2%.  
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Table 3 - Chemical composition of S355 mild steel 
Element (wt%) S355 mild steel 
C Si Mn Cr Ni Cu 
Max 0.15 0.25/ 0.55 1.00/ 1.65 Max 0.25 Max 0.45 Max 0.3 
4.3 Results 
The current definition of conduction and keyhole mode based on a single power 
density value, independent of beam diameter or interaction time, was tested. Figure 
26 shows an example of welds made at a lower power density than the 1 MW/cm2 
but do not have a conduction mode weld profile, due to the high aspect ratio of the 
welds and the presence of undercut [92, 101, 146].  
  
Figure 26 – a) macrographs of a weld produced with interaction time=40 ms, 
beam diameter=0.95 mm and power density = 0.277 MW/cm2 b) macrograph of 
a weld produced with interaction time=32 ms, beam diameter= 0.95 mm and 
power density = 0.265 MW/cm2 
 
The influence of increasing the power density with a constant interaction time and 
beam diameter was analysed. Figure 27 shows how the penetration depth changes 
with the power density for a constant beam diameter of 0.95 mm and a constant 
interaction time of 10 ms. Figure 28 and Figure 29 show similar results for different 
interaction time and beam diameter respectively. For each interaction time and beam 
diameter it was possible to fit a fourth order polynomial, with a R2 of 0.99, and to 
identify two inflection points. Combining the evaluation of the first inflection point with 
a visual analysis of the weld profiles it was possible to identify the power density that 
a) b) 
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separates the conduction mode regime from the transition regime. This power 
density represents the upper limit of conduction mode, PdCML. An evaluation of the 
power density influence on penetration depth for different interaction times and 
different beam diameters allowed for the identification of the PdCML, i.e. the maximum 
power density allowed to do a conduction weld for a certain interaction time and 
beam diameter. Based on this, three different modes can be identified: conduction 
mode, transition mode and keyhole mode. 
 
Figure 27 – Penetration depth versus power density, with increasing power, for 
an interaction time of 10 ms and a beam diameter of 0.95 mm 
 
Similar behaviour was observed when using a different interaction time. Figure 28 
shows the behaviour of the penetration depth with power density for an interaction 
time of 20 ms and a beam diameter of 0.95 mm. 
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Figure 28 - Penetration depth versus power density for an interaction time of 
20 ms and a beam diameter of 0.95 mm 
 
The same three modes are present for different beam diameters. Figure 29 shows 
the behaviour of penetration depth with power density for an interaction time 10 ms 
and a beam diameter of 1.18 mm.  
 
 
Figure 29 - Penetration depth versus power density for an interaction time of 
10 ms and a beam diameter of 1.18 mm 
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Figure 30 shows the relationship between the PdCML and interaction time for different 
beam diameters. As the interaction time increases with a constant beam diameter, 
the PdCML decreases.  
 
Figure 30 – Variation of the PdCML with interaction time for different beam 
diameters 
The relation between the PdCML and the beam diameter for different interaction times 
is shown in Figure 31. It shows that, at a constant interaction time, the PdCML 
decreases with the increase in the beam diameter. 
 
Figure 31 - Variations of the PdCML with beam diameter for different interaction 
times 
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Beam Diameter = 1.18 mm  
and ti = 20 ms 
Beam Diameter = 0.95 mm  
and ti = 10 ms 
  
Power Density = 0.054 MW/cm2 
Conduction mode 
Power Density = 0.090 MW/cm2 
Transition mode 
  
Power Density = 0.087 MW/cm2 
Transition mode 
Power Density = 0.122 MW/cm2 
Transition mode 
  
Power Density = 0.662 MW/cm2 
Keyhole mode 
Power Density = 0.992 MW/cm2 
Keyhole mode 
Figure 32 - Macrographs of welds done in conduction mode, transition mode 
and keyhole mode 
Figure 32 shows how the weld profile changes from a conduction mode weld to a 
weld done in the transition mode. The difference of the profile before and after the 
PdCML can be seen. While the weld done below the limit presents a conduction 
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profile, shallow welds with a small aspect ratio and a very flat top profile. The weld 
done in the transition mode starts to show some characteristics of keyhole mode, like 
undercut, a not so flat top profile and a small depression at the surface. However it 
also has small aspect ratio which is characteristic of conduction mode.  
 
 
Figure 33 - Variation of the aspect ratio with the power density for beam 
diameter= 1.18 mm and interaction time = 20 ms 
 
Figure 33 shows how the aspect ratio changes with the power density, for a beam 
diameter of 1.18mm and interaction time of 20 ms, it also shows the three distinct 
modes. This is also visible at different interaction time, Figure 33  and Figure 34. The 
dotted lines, shown in both figures, represent the aspect ratio of 0.4 which normally 
is used to separate conduction mode from keyhole mode[127].  
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Figure 34 - Variation of the aspect ratio with the power density for beam 
diameter = 1.18 mm and interaction time= 10 ms 
 
This shows that the use of the aspect ratio value to identify the welding mode is 
possible. During the transition mode the aspect ratio is almost constant, so this 
means that under this aspect ratio the weld will be in conduction mode while if the 
aspect ratio is higher the weld will be in keyhole mode. However the value of the 
ratio is not constant and it depends on the interaction time, Figure 35. 
 
Figure 35 - Variation of the threshold aspect ratio with the interaction time for a 
beam diameter of 1.18 mm 
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4.4 Discussion 
The current definition of conduction mode and keyhole mode is based on a single 
power density value, completely independent of other process parameters. Also the 
switching between conduction and keyhole mode is considered to be sharp. This 
work has revealed the fact that both these assumptions are incorrect. There is a 
transition mode between these two welding modes, as shown by Figure 27, Figure 
28 and Figure 29. This transition mode is characterized by having a slower increase 
of the penetration depth with the increase of power density when compared to the 
penetration depth increase with power density in conduction and keyhole mode. The 
welds obtained in this mode have some similarity with the keyhole mode (mainly the 
presence of some undercut, a not flat top profile and a small depression at the 
surface). Jay Lee et al[114] also observed the existence of a transition mode 
between conduction and keyhole mode based on a numerical simulation that has the 
evaporation recoil pressure as the driving pressure for keyhole formation and the 
surface tension and hydrostatic pressure as the opposing pressures for keyhole 
formation. In Lee’s work some speculation related to the power level where the 
transition takes place was made but no real correlation with the process parameters 
and the beginning of the transition mode, which is the end of the conduction mode, 
was made. Also no explanation as to the slow increase of the penetration with power 
density, in the transition mode, was given[114]. However, based on this model, the 
presence of this transition mode might be related to a balance between the 
pressures that oppose the formation of the keyhole and to the pressures that helps in 
the formation.  
This transition mode might be caused by a region where the pressure generated by 
vaporization is too low to overcome the surface tension. This prevents the formation 
of a significant keyhole. During this mode most of the extra energy when increasing 
the power density, at a constant beam diameter and interaction time, is used in 
vaporising more material until a significant keyhole is formed. Hence there is only a 
small increase in penetration depth in the transition mode. A schematic of this 
behaviour is shown in Figure 36. 
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Figure 36 - Vaporization pressure versus power density 
 
It was also observed that the beam diameter and interaction time have an effect on 
the PdCML, as shown in Figure 30 and Figure 31. The interaction time has a linear 
relationship with this power density limit. As the interaction time increases the PdCML 
decreases, Figure 30. This can be explained by the specific point energy. At a 
constant beam diameter the PdCML decreases with the increase of interaction time. 
This is because as the interaction time of the laser beam increases, less additional 
energy is necessary to change from a conduction mode to a transition mode. For a 
constant interaction time the PdCML decreases with an increase of beam diameter, 
Figure 31. This effect of the beam diameter on this limit can also be explained by the 
specific point energy rather than power density. At a constant interaction time the 
PdCML decreases with the increase of the beam diameter. This is because as the 
area of interaction with the laser beam is increased, more energy is necessary to 
change from a conduction mode to a transition mode, this means more energy is 
required to vaporise a larger area of material. 
The evaluation of the welding regime based on the rate of change of aspect ratio is 
also possible. The transition mode shows a constant aspect ratio, while conduction 
mode and the keyhole mode show a linear increase of the ratio with power density, 
Figure 33 and Figure 34. Therefore if the weld has an aspect ratio lower than the one 
observed in the transition mode the weld is in conduction mode. However, if the 
aspect ratio value is higher then the weld is in keyhole mode. In transition mode the 
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extra energy just vaporizes more material so the aspect ratio value remains almost 
constant. However the aspect ratio value that separates conduction mode from 
keyhole mode is dependent on the interaction time, rather than being a constant 
single value, Figure 35. 
4.5 Conclusions 
In laser welding there is not a sharp transition between conduction mode and 
keyhole mode but a transition mode where the rate of increase of the penetration 
depth with power density is reduced. 
The welds obtained in the transition mode show characteristics of the other two 
welding modes like undercut (however, less pronounced than in keyhole mode), a 
not flat top profile and a small depression at the surface, which are characteristic of 
keyhole mode, and a low aspect ratio, characteristic of conduction mode. 
The PdCML is dependent on the interaction time and on beam diameter. The increase 
of the interaction time results in the decrease of the PdCML. While the increase of the 
beam diameter results in a decrease of the PdCML. 
Distinguishing between conduction and keyhole mode based on a single value of the 
aspect ratio is not correct because this value is dependent on the interaction time. 
It was also shown how the use of the fundamental material interaction parameters of 
interaction time and power density and also specific point energy as process 
parameters allows a good understanding of the results obtained. 
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5 Effect of Material Properties on the Conduction Mode 
Limit 
This chapter presents a paper examining the effect of material properties on the 
conduction mode limit. Aluminium, mild steel and stainless steel have very dissimilar 
thermal properties. This study focuses on the effect of power density on the laser 
welding conduction mode limit in these three materials. The objective is to evaluate 
how these different materials will behave in conduction mode and in keyhole mode 
and also to understand how the thermal properties of the materials will influence the 
transition between the different welding modes. A comparison between the 
penetration depth and the melted area for the different materials under the same 
conditions was also made. The experimental results show that thermal properties, 
e.g. conductivity, melting temperature, vaporization temperature and thermal 
diffusivity, have an important role in the transition between the welding modes. An 
analytical model was developed in order to study the effect of thermal properties on 
the power density value necessary to achieve melting and vaporization in these 
materials. Also all three materials showed a transition mode between the conduction 
and the keyhole mode. The laser has higher penetration efficiency in aluminium in 
conduction mode and in the transition mode. However in the keyhole mode all three 
materials had very similar penetration efficiency. 
 
 
E. Assunção with S. Williams and D. Yapp providing supervision conducted all the 
welding process development, planning of experiments, material analysis and 
analysis of the obtained results. 
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5.1 Introduction 
Laser welding has been used in a wide variety of materials. The list of examples of 
the application of laser welding in aluminium[22, 39], mild steel[228] and stainless 
steel[49] is vast. Also the number of studies on the effects of laser parameters and 
the number of numerical models for laser welding, that evaluate the importance of 
thermal properties and absorptivity, is extensive[107, 229-236] . However there are 
not many studies as to how these material’s thermal properties will influence the 
welds in the conduction and keyhole welding modes. A previous study showed that 
in continuous wave laser welding, using mild steel, it is possible to identify three 
distinct welding modes, conduction mode, transition mode and keyhole mode[237] . 
However, how the transitions between these welding modes are influenced by the 
properties of the materials and how the same properties influence the characteristics 
of the welds in the different modes is unclear. Frequently, when evaluating if a weld 
is in conduction or in keyhole mode a power density value of 106 W/cm2 is assumed 
to separate these two modes.  It has been shown previously that the power density 
limit for conduction mode is dependent on interaction time and beam diameter[237].  
A study was carried out by Weckman et al and by Liu et al using a pulsed Nd:YAG 
laser for aluminium and stainless steel laser welding [126, 127]. The conclusion was 
that the transition between conduction mode and keyhole mode for aluminium took 
place at a power density 2.5 times greater that the power density of transition for 
stainless steel. In this study the definition of a conduction mode weld was based on 
the depth-to-width ratio, if this ratio was less than 0.4 than the weld was considered 
to be in conduction mode. If it was higher than the weld was considered to be in 
keyhole mode. However, in this study the differing coupling efficiency of each 
material was not taken into consideration. In addition to this the use of the ratio to 
identify the transition between conduction mode and keyhole mode is not completely 
accurate, as shown in Chapter 4[237]. The objective of this study was similar but 
using a continuous wave laser. However, as mentioned previously, the problem 
when comparing laser welding in different materials is the difference in the coupling 
efficiency of each material. The values of coupling efficiency depend on several 
factors, e.g. the wavelength of the laser, the surface condition and the material [89, 
94, 95]. Some studies have been made in measuring the coupling efficiency for 
different materials[95-97]. For steel the coupling efficiency was between 20 and 90% 
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whilst in aluminium it varied from 10 to 80%. In this study, in order to overcome the 
coupling variation of each material, the surface was graphite coated ensuring an 
even coupling efficiency for all materials [100, 179]. 
In this paper, the fundamental material interaction parameters of power density and 
interaction time[98, 99] are used. The power density is calculated using the following 
equation, 
 Power Density 
 
       
,  (4) 
Where P is power and A(Beam) is the area of the laser beam. Interaction time is 
calculated based on the following equation; 
ti 
db
V
,  (5) 
Where db is the beam diameter and V is the welding speed. The interaction time can 
be interpreted as the heating time of the process on the centreline of the weld or how 
long a certain point in the spot is heated [99].  
In order to compare the welds obtained in the different materials the term penetration 
efficiency is used. This term represents the ratio of the penetration depth of the weld 
bead to the spot energy from the laser beam. 
The objective of this paper is to investigate how the limits of conduction mode, 
transition mode and keyhole mode are influenced by the material thermal properties. 
An evaluation of the welding modes showed by mild steel, stainless steel and 
aluminium is also made. Understanding the effect of the material properties on the 
different welding modes is important when choosing which welding mode to use. 
5.2 Experimental Setup 
The welds were made using an IPGYLR-8000 fibre laser with a maximum power of 
8000 W and a wavelength of 1070 nm. The delivery system consisted of a fibre with 
a diameter of 300 µm. a 125 mm collimating lens and a 500 mm focal length lens.  
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The focal position and the beam diameter, for the lens used, were determined using 
a Primes GmbH Focus monitor system. A typical beam profile is shown in Figure 37 , 
and indicates that the beam has a ‘top-hat’ profile. The laser power was calibrated 
using an Ophir Laser Meter; model 20K-W. 
2D 
profile 
of the 
Laser 
Beam 
 
3D 
profile 
of the 
Laser 
Beam 
 
Figure 37 - 2D and 3D profile of the laser beam of the cw laser with a focussing 
lens of ff = 500 mm 
 
The experiments were carried out by increasing the laser power and maintaining a 
constant beam diameter, of 1.2 mm, and a constant travel speed, 3.5 m/min. This 
increased the power density whilst maintaining a constant interaction time of 20 ms. 
The laser head was kept with a 5 degrees angle in order to avoid any back 
reflections. Pureshield Argon was used as shielding gas in all the experiments. 
The materials used were S355 mild steel, 304L stainless steel and 2024-T3 
aluminium. All the plates had 12 mm of thickness and a dimension of 150 mm by 200 
mm. The plates were cleaned using a wire brush and then with acetone in order to 
avoid contamination of the welds. After cleaning all the plates were graphite coated 
to ensure similar surface conditions guaranteeing similar absorption of the incident 
laser energy. [97, 100]. The chemical composition of S355 mild steel is shown in 
Table 15. For the metallographic preparation all the samples were mounted and 
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polished. For etching Nital 2% was used for the mild steel S355, Kalling’s was used 
for the stainless steel 304L and Keller’s was used for the aluminium 2024-T3. 
 
Table 4 - Chemical composition of S355 mild steel 
Element (wt%) S355 mild steel 
C Si Mn Cr Ni Cu 
Max 0.15 0.25/ 0.55 1.00/ 1.65 Max 0.25 Max 0.45 Max 0.3 
 
Table 5 - Chemical composition of 304L stainless steel 
Element (wt%) 304L stainless steel 
C Si Mn Cr Ni P N 
Max 0.03 Max 0.75 Max 2.00 18.0/ 20.0 8/ 12 0.045 0.1 
 
Table 6 - Chemical composition of 2024-T3 aluminium 
Element (wt%)  2024 – T3 aluminium 
Al Cr Cu Fe Mg Mn Si Ti Zn Others 
90.7 - 
94.7 
Max 
0.1 
3.8 - 
4.9 
Max 
0.5 
1.2 - 
1.8 
0.3 - 
0.9 
Max 
0.5 
Max 
0.15 
Max 
0.25 
0.15 
 
Some of the thermal properties of these materials are listed in Table 7. Where Tmp is 
the melting point, Tvp is the vaporization point, k is the thermal conductivity, ρ is the 
density, Cp is the specific heat capacity, Lm is the latent heat of melting and Lv is the 
latent heat of vaporization. 
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Table 7 - Thermal properties of S355 mild steel, 304L stainless steel and 2024-
T3 aluminium at room temperature[238] 
Material Tmp (K) Tvp (K) k (W/m.K) ρ (g/cm3) Cp (J/g.K) Lm (J/g) Lv (J/g) 
S355 1773 3363 51 7.874 0.48 247 6100 
304L 1633 3100 14.8 8.020 0.47 260 6100 
2024-T3 905 2743 175 2.785 0.85 366 11900 
 
These materials differ significantly in melting temperature 905 - 1773 K, vaporization 
temperature 2743-3363 K and in conductivity 14.8-175 W/m.K. These differences will 
have an effect on the welds obtained in the different modes and on the transition 
between these welding modes. 
5.3 Results 
The influence of power density on penetration depth for stainless steel, aluminium 
and mild steel was evaluated for a beam diameter of 1.18 mm and an interaction 
time of 20 ms, and is shown in Figure 38.  
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Figure 38 - Penetration depth versus power density for stainless steel, 
aluminium and mild steel 
At the lowest power density value used, which was of 0.036 MW/cm2, mild steel does 
not show any penetration, in contrast to stainless steel and aluminium. For power 
density values between 0.05 MW/cm2 and 0.3 MW/cm2, mild steel and stainless steel 
have similar penetration depths, while aluminium is higher. As the power density 
increases the penetration depth of mild steel and stainless steel increases quicker 
than that of aluminium. 
The different behaviour of the materials suggests a closer look at each material 
individually in order to see where the welding mode changes occur. 
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Figure 39 - Penetration depth versus power density for stainless steel 
 
Figure 40 - Penetration depth versus power density for aluminium 
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Figure 41 - Penetration depth versus power density for mild steel 
Figure 39, Figure 40 and Figure 41 shows how the penetration depth changes with 
power density. The three welding modes (conduction, transition and keyhole) and 
the respective boundaries between these modes are shown. These boundaries were 
identified in the same manner as described previously, in chapter 4. The power 
density range where the transition mode takes place is much wider for aluminium 
than for mild and stainless steel. 
Figure 42 shows how the weld profile changes with the increase of the power density 
for all the three materials. The changes from a conduction mode profile to a keyhole 
profile for stainless steel, aluminium and mild steel can be observed. Observing the 
macrographs, Figure 42,it is clear that the power density value at which melting for 
stainless steel starts is higher than the power density where aluminium starts melting 
because the weld done at the lowest power density value has a much higher 
penetration in aluminium than in stainless steel.  
The difference in the weld quality from conduction mode to keyhole mode is 
apparent, especially in the aluminium welds. In conduction mode and in the begging 
of transition mode the aluminium welds present no porosity, no cracking and a flat 
top profile. However, at the end of the transition mode in keyhole mode cracks and 
porosity can be seen. This emphasizes the high quality welds obtained in conduction 
mode, which have no porosity, cracks and undercut[92]. 
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Figure 42 - Macrographs of the laser welds made in stainless steel, aluminium 
and mild steel  
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5.3.1 Analytical model  
 
It has been observed that the thermal properties of the materials influence the 
transition between the modes. To gain further insight into this the following 1D 
analytical solution[3] has been made. An analysis was done considering that the 
point where the temperature is highest in a small region at the surface near the 
centre of the laser beam. So it is at this point where melting and vaporization will 
take place first[239]. The model used is a stationary point model; this model gives 
the same qualitative effect of material properties as a moving beam model. This 
model also neglects fluid flow, however considering that the point being analysed is 
considerably smaller than the weld pool and it is situated at the surface of that same 
weld pool. Also, the lateral heat flux can be neglected because the point used is 
considered to be at the middle and at the surface of the weld pool and so lateral heat 
flux can be neglected. 
 
 
       
  
 
√        (
 
 √  
)       (6) 
 
Where 
z is the distance from the surface of the material, at the surface z=0 
q is the power density in W/m2 
α is the thermal diffusivity in m2/s 
k is thermal conductivity W/m.K 
t is the interaction time 
The values for the          are shown by Carslaw[125]. 
Considering that the hottest point will be at z=0 and that the desired value is the 
power density as a function of temperature we re-arrange equation 6 as follows: 
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 √           
                 (7) 
 
Where ierfc(0) = 0.5642 from Carslaw[125]. Normally         , where I is the 
incident laser beam power density and R is the reflectivity. However in this study, 
due to the fact that all the material surfaces were graphite coated, the reflectivity is 
considered to be very similar between all the materials and so the reflectivity factor is 
not considered in this model. 
 
In order to improve the accuracy of the analytical model the average values of 
temperature dependent materials properties (thermal conductivity, specific heat 
capacity and density) were used, instead of using the material properties at room 
temperature, as in previous work[127, 231, 240]. Also the analytical model has been 
divided in two parts, the first one that uses the thermal properties of solid material 
and the second one that uses the thermal properties of the liquid material. The idea 
in doing so is to take into account the thermal properties changes that the materials 
show when they change from a solid state into a liquid state. In this work the specific 
heat capacity, needed to calculate the thermal diffusivity, is calculated taking into 
account the latent heat of melting (Lm) for temperatures below the melting 
temperature (Tmp) and the latent heat of vaporization (Lv) for temperatures from the 
melting temperature to the vaporization temperature (Tvp), following [127]. 
 
    
   ̅̅ ̅̅ ̅(        )   
          
             (8) 
 
 
 
    
   ̅̅ ̅̅ ̅(       )   
         
               (9) 
 
 
Where the    ̅̅ ̅̅  is the average specific heat capacity for temperatures below the 
melting point and    ̅̅ ̅̅  is the average specific heat capacity for temperatures between 
65 
the melting and the vaporization temperature. While Cpm is the specific heat for 
temperatures between the room temperature and the melting temperature including 
the latent heat of melting and Cpv is the specific heat for temperature between the 
melting temperature and the vaporization temperature including the latent heat of 
vaporization. 
  {
       ̅     
 √      ̅̅ ̅̅ ̅̅ ̅̅           
                 
        
             ̅      
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       (10) 
 
where:       ̅̅ ̅̅ ̅̅ ̅ is the average conductivity and       ̅̅ ̅̅ ̅̅ ̅ is the average thermal diffusivity 
of the material in the solid state,  (   ) is the power density required for melting 
calculated using the first part of Equation 10 for T(0,t) = Tmp while        ̅̅ ̅̅ ̅̅ ̅̅  and        ̅̅ ̅̅ ̅̅ ̅̅  
are the average conductivity and the average thermal diffusivity of the material in the 
liquid state. The values of the average thermal conductivities, the average densities 
and the calculated average specific heats are shown in Table 8.  
 
Table 8 - Average values of temperature dependent material properties for 
solid and liquid S355, 304L and 2024-T3[238, 241] 
Material  ̅ (W/m.K)  ̅ (g/cm3)   ̅̅̅̅  (J/g.K)  ̅ (m
2/s) 
S355 35.5 7.860 0.645 5.56 x 10-6 
S355 Liquid 120 6.850 0.700 3.86 x 10-6 
304L 22.25 7.590 0.600 3.69 x 10-6 
304L Liquid 30.5 6.860 0.800 8.81 x 10-7 
2024-T3 181.5 2.729 0.975 6.82 x 10-5 
2024-T3 Liquid 84 2.458 1.140 3.00 x 10-5 
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While the conductivity of mild steel S 355 and stainless steel 304L increases when it 
changes from solid to liquid, the opposite happens with the conductivity of aluminium 
2024-T3. The other material properties, specific heat and the density, also show a 
change when changing from a solid to a liquid stage; however the biggest difference 
is noticed in the thermal conductivity. The importance of taking into account the 
changes in the thermal properties when the material changes from a solid state to a 
liquid state gains more importance in aluminium, without this change the results 
obtained using the analytical model would not match the results obtained 
experimentally. 
 
 
Figure 43 – Variation of the temperature with power density, based on the 
analytical model, for aluminium (2024-T3), mild steel (S355) and stainless steel 
(304L) 
 
The analytical model results match the experimental results in that the order in which 
the transitions between the three welding modes occur in the different materials is 
similar. The trends obtained in the analytical model and in the experimental data are 
the same. The power density where melting starts, which is the lower limit of 
67 
conduction mode, is lower for the aluminium followed by the stainless steel and then 
by the mild steel. Regarding the power density where vaporisation starts, which is 
the upper limit of conduction mode, aluminium has the lower value followed by the 
stainless steel and then by the mild steel. Regarding the upper bound of the 
transition mode (or lower bound of keyhole mode) this analytical model does not 
provide any information, mainly because this model only analysis the raise of 
temperature up to the vaporisation temperature, that is related to the lower bound of 
the transition mode. 
5.3.2 Comparison of the welds obtained in conduction and keyhole mode 
in the different materials 
 
A direct comparison of the weld bead shape using the same power density and 
interaction time between all the materials in conduction mode is not possible. This is 
because there is not a power density value where all the materials are in conduction 
mode. In order to understand how each material behaves in this mode a comparison 
will be made using the weld profile obtained just before the conduction mode upper 
limit power density, i.e. where conduction mode finishes, Figure 44. At this upper 
limit power density aluminium has a much higher penetration efficiency, followed by 
mild steel and then by stainless steel. 
 
Stainless Steel 304L Aluminium 2024-T3 Mild Steel S355 
   
Power Density = 0.0540 
MW/cm2 
Penetration efficiency = 
0.0125 mm/J 
Power Density = 0.0373 
MW/cm2 
Penetration efficiency = 
0.0391 mm/J 
Power Density = 0.0874 
MW/cm2 
Penetration efficiency = 
0.0131 mm/J 
Figure 44 - Macrographs of the welds done in conduction mode for stainless 
steel, aluminium and mild steel 
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Stainless Steel 304L Aluminium 2024-T3 Mild Steel S355 
   
Power Density = 0.5882 
MW/cm2 
Penetration efficiency = 
0.0231 mm/J 
Power Density = 0.5882 
MW/cm2 
Penetration efficiency = 
0.0251 mm/J 
Power Density = 0.5882 
MW/cm2 
Penetration efficiency = 
0.0212 mm/J 
Figure 45 - Macrographs of the welds done in keyhole mode for stainless steel, 
aluminium and mild steel 
It is possible to do a direct comparison between the weld bead shape using the 
same power density and interaction time between all the materials in keyhole mode, 
Figure 45. In keyhole mode all the three materials have very similar penetration 
efficiency. However, aluminium has a higher penetration efficiency followed by 
stainless steel and then by mild steel.  
 
5.4 Discussion 
 
The transition between the different welding modes is influenced by the material 
thermal properties. When a material is heated up by a laser the rate of temperature 
rise at the centre of the laser spot will depend on the material thermal properties 
(assuming equal coupling efficiency). Primarily the rate of increase is controlled by 
thermal losses and this is confirmed in Figure 43. The rate of increase of 
temperature for the three materials is in inverse proportion to their thermal 
conductivity. Aluminium with highest conductivity has the slowest rate of temperature 
increase. However as aluminium has by far the lowest melting point it actually has 
the lowest power density requirement to initiate melting. Once in conduction mode 
the actual penetration depth observed depends on the thermal conductivity (ignoring 
fluid flow effects). In this case high thermal conductivity works in favour. This means 
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that aluminium shows the highest penetration efficiency, followed by mild steel and 
then stainless steel, as shown in Figure 44.   
 
In the molten region the thermal properties of the materials change. It was expected 
that the rate of increase of temperature for the three materials would be in inverse to 
the material thermal conductivity. However this does not happen, as shown in Figure 
43. This means that the rate of increase of the temperature is not controlled simply 
by the material thermal conductivity but a relation between the properties of the 
material (thermal conductivity, thermal diffusivity, specific heat capacity, latent heal 
of melting, latent heat of vaporisation and density). 
 
The power density upper bound for conduction mode welding is determined by the 
onset of vaporisation. So aluminium has the lower power density requirement to 
initiate vaporisation, followed by stainless steel and then by mild steel, as shown in 
Figure 43. The threshold for keyhole mode will be determined by the point at which 
the vaporisation recoil pressure overcomes surface tension forces and a keyhole 
develops. This type of analysis cannot be done with an analytical model that just 
considers material thermal properties. The material that requires more power density 
to increase the vaporisation recoil pressure, to a value that it will overcome the 
surface tension forces, is aluminium. Because aluminium has the lowest power 
density upper bound for conduction welding and the highest threshold for keyhole 
welding it displays the greatest width for transition mode welding as shown in Figure 
38.  
 
The transition mode displays the weld bead characteristics of conduction mode (i.e. 
shallow penetration and low aspect ratio) but suffers from the poor quality of keyhole 
mode welding (cracks and pores) as shown in Figure 42. Often the main reason for 
using conduction mode welding is to achieve the very high quality that is possible in 
this regime. Hence it is very important to know and understand where the upper 
bound of conduction mode welding is, so avoid the transition regime with its quality 
issues. This cannot be done merely by inspecting the weld bead shape or applying 
some arbitrary power density value.  
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Once in keyhole mode all materials have very similar penetration depths for the 
same power density and interaction time. This indicates that the material thermal 
properties have very little influence in the penetration depth in this welding regime, 
as shown in Figure 45. 
 
5.5 Conclusions 
 
The lower and upper limits of conduction mode are material dependent. The material 
properties including melting and vaporisation temperatures, thermal conductivity, 
density, specific heat capacity, latent heat of melting and latent heat of vaporisation 
determine these limits.  
 
All three materials studied (aluminium, mild steel and stainless steel) have a 
transition mode separating the conduction mode from the keyhole mode. In all the 
materials the transition mode is characterized by a very small increase of the 
penetration with an increase in power density. 
 
Aluminium, due to its higher thermal conductivity, has a higher penetration efficiency 
in conduction mode, followed by mild steel and then by stainless steel.  
 
In keyhole mode the penetration depth of all the materials is very similar. So the 
material thermal properties in keyhole mode have less influence on the penetration 
depth than in conduction mode.  
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6 Comparison of continuous wave and pulsed wave laser 
welding effects 
This chapter shows a paper that focused on comparing a continuous wave and a 
pulsed wave laser under the same welding conditions. The welding parameters 
normally associated with continuous wave lasers are laser power, beam diameter 
and welding speed. In pulsed wave lasers the parameters used are pulse duration, 
energy and beam diameter. In this paper a comparison of welds obtained using the 
same process parameters in continuous and pulsed wave lasers is made. In order to 
have the same welding parameters, for both lasers, the tests were carried out using 
interaction time and power density as the main process parameters. The results 
show that using these parameters the two lasers have very dissimilar behaviour in 
terms of penetration depth. Also the pulsed wave laser showed higher efficiency 
when compared to the continuous wave laser under the same welding conditions. 
The effect of the spatial peak power density was also evaluated. 
 
E. Assunção conceived the experimental methodology in addition to all welding 
planning of experiments and material analysis.  
 
S. Williams and D. Yapp provided supervision and technical advice. 
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6.1 Introduction 
In recent years the relevance of laser welding to several industries has 
increased, mainly in the automotive and aerospace industry [22, 242]. There are 
two main types of lasers, continuous wave (CW) and pulsed wave (PW) [3]. 
Several studies of the effect of the different welding parameters in laser welding 
[243], have been made. However, most of the studies were carried out using a 
single type of laser, either CW [244-247] or PW [103, 166, 173, 248]. The 
difficulties raised in directly comparing these two types of lasers are the 
parameters which are utilised. The parameters normally used for characterising 
a pulsed laser weld are pulse energy, pulse duration and spot size. Fuershbach 
evaluated the effect of energy density and power density for different pulse 
durations [173]. The results showed that at fixed power density the penetration 
depth went up with longer pulse durations, which means higher energy was 
utilised, for a PW laser. The same paper showed a comparison between a 
pulsed and a continuous wave laser weld, concluding that CW lasers show 
higher penetration than PW lasers. However, this comparison, between PW and 
CW laser welds, was made without using any parameter which gives a 
correlation between pulse duration and the welding speed used in the CW 
welds. Just power density was used for comparison, neglecting the effect of 
interaction time of the laser beam with the material. 
In this present paper, the fundamental material interaction parameters of power 
density and interaction time are used [98, 99], and their influence on CW and 
PW laser welds is investigated.  The power density is calculated for both CW 
laser and the PW laser using the following equation, 
                      
 
       
,  (11) 
Where P is power and A(Beam) is the area of the laser beam. This power density 
is the average power density of the laser beam profile. In CW welds P is total 
power. In PW welds, P is the average pulse peak power over the duration of an 
individual pulse[160], equation 12. 
73 
             Po    
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A further parameter is the spatial peak power density that represents the 
maximum power density across the laser beam profile. This value is measured 
by the beam profile equipments used. For ‘top-hat’ profiles the spatial peak 
power density has the same value as the average power density. 
The comparison was made between a CW weld and individual pulses (obtained 
with a PW laser). This allowed a comparison the physics/material science 
behind the interaction of a CW laser and a PW laser with the material. One of 
the most important fundamental material interaction parameters in this 
comparison is the interaction time. The interaction time can be interpreted as 
the time a specific point, located in the centreline of the weld, is exposed to the 
laser beam [99]. In CW lasers the interaction time is calculated based on the 
following equation; 
ti 
db
V
,  (13) 
Where db is the beam diameter and V is the welding speed. The interaction time 
is the heating time of the process on the weld centreline [99]. This equation 
defines the maximum interaction time, which occurs in the weld centreline, for 
CW laser.  
In PW lasers the interaction time is the pulse duration, which represents the 
time that a particular point in the material is exposed to the laser beam.   
Using these parameters allows a like for like comparison between CW and PW 
lasers. 
 
6.2 Experimental Procedure 
The two lasers used in these experiments are described below. The CW laser 
was an IPGYLR-8000 fibre laser with a maximum power of 8000 W and a 
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wavelength of 1070 nm. The delivery system consisted of a fibre with a 
diameter of 300 μm, a 125 mm collimating lens, and a ff=400 mm focal length 
lens, this set up produced a beam diameter of 0.95 mm with a ‘top-hat’ profile. 
Also used with this set up was a ff=250 mm focal length lens that was used in a 
defocused position, to produce a beam diameter of 0.95 mm with a Gaussian 
profile. This will allow having two different profiles with the same average power 
density but different spatial peak power density. The focal position and the 
beam diameter were determined using a Primes GmbH Focus monitor system. 
The laser power was calibrated using an Ophir Laser Meter; model 20K-W. 
3D 
profile 
of the 
Laser 
Beam 
 
Spatial Peak Power Density  
160.0 kW/cm2 
Figure 46 - 3D profile of the laser beam of the cw laser with a focussing 
lens of  ff = 400 mm for an average power of 1000 W 
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Spatial Peak Power Density  
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222.7 kW/cm2 
Figure 47 - 3D profile of the laser beam of the cw laser using a focusing 
lens of ff= 250 mm in the defocus position for an average power of 1000 W 
The experiments were carried out by increasing the laser power and 
maintaining a constant beam diameter. This increased the power density whilst 
maintaining a constant interaction time. For different interaction times the beam 
diameter was also maintained constant and the travel speed was changed in 
order to obtain interaction times of 10 and 20 ms. 
3D 
profile 
of the 
Laser 
Beam 
 
Spatial Peak Power Density  
353.1 kW/cm2 
Figure 48 - 3D profile of the laser beam of the pw laser with a focussing 
lens of ff = 300 mm for a peak power of 1000 W 
The PW welds were made using a GSI JK300 HP PW laser with a maximum 
average power of 300 W and a maximum peak power of 9 kW. The system 
consisted of a delivery fibre of 300 µm diameter and a processing tool with a 
collimating lens of 100 mm. The focusing lens had a focal length of ff = 300 mm 
and this produced a beam diameter of 0.9 mm. The focal position and the beam 
diameter were determined using a Spiricon Laser Beam Analyzer; model LBA-
FW-SCOR. The beam profile obtained had an approximate Gaussian 
distribution, Figure 48. The laser power was calibrated using a Gentec-EO 
power meter; model UP19K-15S-W5-DO. 
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The material used was S355 mild steel with 12 mm thickness. The plates were 
cleaned using a wire brush and then with acetone in order to avoid 
contamination of the welds. The chemical composition of the S355 mild steel is 
shown in Table 15. For the metallographic preparation all the samples were 
mounted, polished and etched using Nital 2%. The PW samples were mounted 
with an angle allowing the visualisation of weld profiles with different depths in 
order to identify the maximum penetration for each of the PW welds made, 
Figure 49. 
 
 
Figure 49 - Schematics on how the samples were mounted 
 
Table 9 - Chemical composition of S355 mild steel 
Element (wt%) S355 mild steel 
C Si Mn Cr Ni Cu 
Max 0.15 0.25/ 0.55 1.00/ 1.65 Max 0.25 Max 0.45 Max 0.3 
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6.3 Results 
6.3.1 CW laser 
The influence of power density on CW laser welds was analysed. The two types 
of beam profiles used on the CW welds, ‘top-hat’ and Gaussian, did not show 
any difference in terms of behaviour, Figure 50. This is despite the spatial peak 
power density of the Gaussian beam being significantly higher than that of the 
top hat beam, however the average power density was the same. 
 
Figure 50 - Comparison of the effect of the beam profile on the behaviour 
of penetration with average power density, but different peak power 
density, for an interaction time of 20 ms 
 
Figure 51 shows the results for an interaction time of 10 ms and beam diameter 
of 0.95 mm. As previously [249] three different modes can be identified: 
conduction mode, transition mode and keyhole mode.  
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Figure 51 - Penetration versus power density for a beam diameter of 0.95 
mm and an interaction time of 10 ms 
6.3.2 Comparison of pulsed laser welding with continuous laser 
welding 
Similar experiments were carried out using the pulsed laser. The objective was 
to evaluate if welds made under the same conditions in PW have similar 
behaviour and penetration. 
 
Figure 52 - Penetration depth versus power density for an interaction time 
of 20 ms and a beam diameter of 0.95 mm for the cw welds and a beam 
diameter of 0.9 mm for the pw 
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Figure 52 shows how the penetration depth changes with the power density for 
a constant beam diameter and a constant interaction time of 20 ms for PW and 
CW under similar conditions. In contrast to the CW process the PW process 
does not show the three modes identified previously [249] but an almost linear 
relationship between power density and penetration. However, in PW the three 
welding modes are still present. Considering that all the welds were done with 
the same interaction time it can also be seen that for the same power density 
the PW laser welds have deeper penetration. This difference between the 
penetration depth in CW and PW is more accentuated at higher average power 
density values in the keyhole regime. 
 
Figure 53 - Penetration depth versus power density for an interaction time 
10 ms and a beam diameter of 0.95 mm for the CW welds and a beam 
diameter of 0.9 mm for the PW 
 
The same behaviour was observed for an interaction time of 10 ms, Figure 53. 
However the difference between the penetration depth in CW and PW 
increased, when compared to the one obtained for an interaction time of 20 ms. 
 
80 
 laser welds 
  
Power Density = 0.015 MW/cm2 Power Density = 0.031 MW/cm2 
  
Power Density = 0.046 MW/cm2 Power Density = 0.059 MW/cm2 
  
Power Density = 0.073 MW/cm2 Power Density = 0.115 MW/cm2 
  
Power Density = 0.194 MW/cm2 Power Density = 0.256 MW/cm2 
Figure 54 - Macrograph of PW laser welds made with beam diameter of 0.9 
mm and an interaction time of 20 ms 
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Figure 54 shows how the weld profile changes with the increase of the power 
density in the PW laser welds. It can be seen that the weld profile changes from 
a conduction mode profile to a keyhole profile due to a considerable increase of 
the depth-to-width ratio of the weld profiles. The question is if there is a 
transition mode like the one shown for the CW laser. The small cavity noticed in 
some of the weld profiles (e.g. Figure 54 weld profile with power density of 
0.059 MW/cm2) is likely to be associated with melt displacement [134] in 
response to vapour recoil pressure.  In other words, the presence of that small 
cavity on the top surface of some of the weld profiles is associated with the 
formation of a small keyhole. Welds made with average power densities below 
this level (the first weld that shows a cavity), can be considered to be in the 
conduction mode. Close inspection of Figure 52 and Figure 53 shows that there 
is a small range of average power densities around 0.07 MW/cm2 where there is 
only a slow increase in penetration depth, This could indicate the presence of a 
small transition mode region in PW laser welds. 
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PW laser CW laser 
  
Power Density = 0.059 
MW/cm2 
Penetration Efficiency = 0.05 
mm/J 
Power Density = 0.056 
MW/cm2 
Penetration Efficiency = 
0.02 mm/J 
  
Power Density = 0.256 
MW/cm2 
Penetration Efficiency = 0.06 
mm/J 
Power Density = 0.253 
MW/cm2 
Penetration Efficiency = 
0.02 mm/J 
Figure 55 - Macrographs of cw, on the right, (beam diameter=0.95mm) and 
pw, on the left,(beam diameter=0.9 mm) laser welds with an interaction 
time of 20ms and similar values of power density 
For similar values of power density the welds made with the pw laser have a 
much higher penetration depth (as shown in Figure 55) and also higher 
penetration efficiency. 
A comparison, between cw and pw laser, using interaction time, and spatial 
peak power density, instead of average power density, as process parameters 
was also made. 
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Figure 56 - Penetration versus spatial peak power density for an 
interaction time of 10 ms and a beam diameter of 0.95 mm for the cw 
welds and a beam diameter of 0.9 mm for the pw 
Figure 56 shows the variation of the penetration depth with spatial peak power 
density for cw and pw laser welds made with an interaction time of 10 ms. 
Comparing with Figure 53 the difference of the penetration depth, under the 
same conditions, reduced from 2.2 mm to 0.9 mm. For an interaction time of 20 
ms the difference in penetration depth between cw and pw when peak power 
density is used is negligible as shown in Figure 57.This should be compared to 
Figure 52, which uses average power density. ,  
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Figure 57 - Penetration versus spatial peak power density for an 
interaction time of 20 ms and a beam diameter of 0.95 mm for the cw 
welds and a beam diameter of 0.9 mm for the pw 
6.4 Discussion 
When comparing the results of the cw and pw laser welding samples it can be 
seen that the behaviour of these two systems is somewhat different.  
In cw laser welds we could easily identify three different modes as outlined in 
Assunção et al. work [249]. On the other hand pw laser welds did not seem to 
have a transition mode between conduction and keyhole (Figure 52 and Figure 
53). However, looking into more detail to the results it was possible to identify a 
small power density range where the penetration depth increased slowly, Figure 
52, which might be related to the presence of a transition mode. Meaning that in 
PW laser three mode can also be identified, despite the fact that the transition 
mode is much less evident. 
So why is this power density range for the transition region much smaller than 
the one obtained in cw laser welds, Figure 52. Also, comparing the two lasers, 
under the same welding conditions, the pw showed a higher penetration than 
the cw laser. Several studies have been made in the keyhole shape and flow 
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involved in pw laser welding [107, 110, 114, 163](Figure 58 shows a simplified 
version of a pulsed laser weld). 
 
Figure 58 - Schematics of pulsed laser welding 
 
Due to the fact that the weld pool freezes between pulses, pw laser is a 
stationary weld and the main force opposing the formation of a keyhole is 
surface tension gradient caused by the temperature gradient[107, 138, 250]. 
Because the temperature at the centre of the pool is higher, the surface tension 
gradient will drive the material inwards opposing the formation of a keyhole. 
This also occurs in cw laser welds, but in addition there is also an effect due to 
the movement of the weld pool, which also opposes the formation of the 
keyhole. Several studies have also been made on the keyhole shape and the 
effect of the welding speed on cw laser welding, supporting that in cw laser 
welding there is a fluid flow movement caused by the translation of the weld 
pool[49, 108, 170, 251]. The combination of these two effects, surface tension 
gradient and weld pool movement , may be responsible for the large transition 
mode region in cw laser welding. While in pw laser welding the only opposing 
force is the surface tension gradient and so the transition mode is much less 
evident. 
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Figure 59 - Schematics of continuous wave laser welding 
 
This difference in fluid flow in pw and cw welding may also explain the 
differences seen in penetration depth seen with different interaction times. The 
added force on the keyhole produced by the movement of the weld pool leads 
to delay of the onset of the keyhole mode and extended transition mode region. 
This delay leads to the difference in penetration depth seen between welds 
produced with pw or cw lasers (Figure 52 and Figure 53). The level of the 
opposing force will depend on the rate of translation of the weld pool – i.e. the 
welding velocity. The interaction time depends inversely on welding velocity. So 
the closure force will be higher for shorter interaction times. This means one 
would expect the penetration depth difference will be greater at shorter 
interaction times and this is confirmed by Figure 52 and Figure 53.  
 
When using spatial peak power density instead of average power density the 
difference in the penetration depth, in the keyhole mode, was reduced from 2.2 
mm to 0.9 mm for an interaction time of 10 ms, Figure 56. While for an 
interaction time of 20 ms there was no difference in the penetration, Figure 57. 
Comparing a Gaussian profile and a ‘top-hat’ profile, with different values of 
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spatial peak power density, with an interaction time of 20 ms with the cw laser 
there was also no difference in the penetration, Figure 50. This shows that the 
higher spatial peak power density of the pw laser might be one of the reasons 
for the higher penetration efficiency shown by this type of laser.  
 It should also be noted that there may be some effect due to the definition of 
interaction time for the cw laser. In the case of the pw laser the interaction time 
is defined by the pulse duration and is valid across the whole of the irradiated 
area. On the other hand, the interaction time calculated for the cw laser is the 
maximum interaction time, Equation 3, and is only valid for the centre of the 
beam. The closer to the edge of the beam perimeter of the laser beam the lower 
the interaction time, until it reaches zero at the edge of the beam. In reality an 
integrated value should be used. The effect of this is that the interaction time 
should probably be somewhat shorter which would lead to a reduced 
penetration depth and therefore even more of a difference between the pw and 
cw welds.  
6.5 Conclusions 
The conclusions are: 
Continuous wave laser welds  show a large transition mode region as it was 
previously observed [249] . In pw laser welds this transition mode is much less 
evident, narrow and difficult to identify. 
When comparing the material interaction, between a CW laser and a PW laser, 
made under similar conditions (power density, interaction time and beam 
diameter) pw welds have a much higher penetration depth compared to cw 
welds. This highlights the much higher penetration efficiency of pw laser 
welding, which results in a much lower heat input requirement to achieve the 
same penetration depth. 
These differences in behaviour are related to the combination of two effects: 
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 There is surface tension gradient driven fluid flow which acts in 
opposition to the formation of a keyhole. This fluid flow is the origin of the 
transition region. In cw welding there is additional fluid flow towards the 
keyhole due the translation of the weld pool through the material.  This 
delays the formation of the keyhole further and leads to the wide 
transition region observed in cw welding. This also leads to the differing 
penetration depths observed for cw and pw laser welds. The size of the 
difference depends on the interaction time. 
 The pulsed laser has a higher spatial peak power density than the 
continuous wave laser. This results that at 10 ms interaction time the 
penetration depth is higher for the pw welds. However, for 20 ms 
interaction time the penetration depth is the same for pw and cw welds. 
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7 Conduction Laser welding of Aluminium 
 
This chapter present a study looking at conduction mode laser welding of 
aluminium. During the investigations, the effect of the beam diameter on the 
penetration depth was studied. To this aim, statistical regression and numerical 
simulations have been utilised. In this study, a new conduction-only thermal 
model of a laser weld pool has been developed which uses temperature-
dependent effective thermal conductivity. In this approach, the convective part 
of the heat transfer process is modeled by utilising the Peclet (Pe) number 
calculated form fluid dynamics theory. Heat losses due to evaporation from the 
weld pool are considered by a heat-flux reduction method. The model has been 
studied for a range of welding parameters and validated against experimental 
data. The optimum beam diameter, where the penetration depth is maximal, 
was also identified. The utilised numerical simulations helped identifying the 
mechanisms governing the weld geometry. In this study, the effect of power and 
welding speed on the optimum beam diameter was also assessed as well as 
the influence of the beam diameter on the width of the weld.  
E. Assunção planned the experiments and carried out some of the welding trials 
as well as the analysis of the welds. He also implemented the statistical 
regression to the obtained experimental data. 
 
M. Benke developed the numerical simulation model based and analysed the 
results obtained with the model.  
 
S. Williams provided supervision and technical advice.  
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7.1 Introduction 
The need of reducing weight – especially in the automotive industry – has lead 
to the use of aluminium alloys[242, 252, 253]. Laser welding of aluminium alloys 
has been extensively researched. However, this process still presents low 
reliability due to the high reflectivity, high thermal conductivity, low viscosity and 
the presence of different alloy elements[42, 43, 89, 179, 254-256]. There are 
three modes of laser welding: conduction, keyhole and transition mode. The 
type of welding mode depends on the applied power density and interaction 
time[257].  
When the power density is insufficient to cause significant boiling, the weld 
occurs in conduction mode. These welds have no pores, no cracks, no undercut 
and are free of spatter. In this welding mode, application  of large beams 
reduces fit-up problems[92]. Despite these advantages, only a few studies have 
investigated the application of conduction mode welding[100, 179, 223]. There 
is also a low number of studies on the effect of the welding parameters on this 
laser mode. Bag and Trivedi studied the effect of power and On-time on the 
weld pool shape, using a finite element model with an adaptive heat source 
[240, 258]. Bos evaluated the weld pool size for different powers and welding 
speeds [259]. These and several other studies focused mainly on the effect of 
power and welding speed on conduction mode welds[150, 256, 260]. None of 
these works focused on the effect of the beam diameter in conduction laser 
welding.  
First Morgan and Williams[92, 146] and then Okon[145] concluded that the 
beam diameter has a significant effect on the penetration depth.  Based on their 
experiments, they also identified the optimum beam diameter resulting in the 
maximum penetration. The existence of the optimal beam diameter was 
explained considering evaporation temperature at the surface. It was also used 
to identify the physical limit of conduction mode [92, 146].  
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Figure 60 - Variation of the surface temperature and the penetration, with 
beam radius, in aluminium for a constant power and welding speed[92, 
146] 
Motivated by these studies, current work presents a systematic experimental, 
statistical and numerical investigation. In the present study, the effect of beam 
diameter on the penetration depth was studied for a range of welding speeds 
and powers using the statistical and numerical models obtained. This paper 
also demonstrates a new heat conduction model for weld pools. In this 
approach, thermal conductivity of the weld pool is considered to be 
temperature-dependent. Determination of the effective weld pool convection is 
based on the Peclet number (Pe), calculated from fluid dynamics theory. 
Another important feature of the model is the capability to account for 
evaporation heat losses. In this approach, heat losses due to evaporation are 
modeled utilising a local heat flux reduction algorithm. Due to its importance in 
practical applications, the effect of beam diameter on the weld width as also 
been studied. 
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7.2 Methodology 
7.2.1 Experimental setup 
Experiments were carried out on 12 mm thick, 2024 Aluminium plates (see 
Table 10 for chemical composition). The surface of the samples was wire 
brushed and cleaned with acetone. The clean surface was sprayed with 
graphite to increase uniform coupling of the laser beam. No shielding gas was 
used.  
The applied IPG 8 kW continuous wave (cw) fibre laser had a 300 µm delivery 
fibre. The beam was collimated with a 125mm focal length lens and focused 
using a 250mm focal length lens. The laser head was attached to a Fanuc robot 
and positioned with a ten degree angle to the surface normal of the samples. 
Different beam diameters were obtained by changing the distance of the laser 
lens from the sample.    
Element 
(wt%) 
Al Cr Cu Fe Mg Mn Si Ti Zn Others 
2024–
T3 
90.7 
- 
94.7 
Max 
0.1 
3.8 - 
4.9 
Max 
0.5 
1.2 - 
1.8 
0.3 - 
0.9 
Max 
0.5 
Max 
0.15 
Max 
0.25 
0.15 
Table 10 - Chemical composition of aluminium alloy 2024 
 
7.2.2 Preliminary experiments for determining process window 
A set of preliminary experiments provided the necessary information for 
understanding the general behaviour of the process and determining the 
limitation of the process parameters. The experimental setup was the same as 
described previously. While two parameters were kept constant, the other was 
varied in fixed steps till an unfeasible combination was found on the basis of 
visual assessment of the weld. This was done to guarantee that the welds were 
not done in deep keyhole mode and that there was no risk of no melting. 
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Based on the preliminary experiments the following process window was 
determined: 
2 kW ≤ Power ≤ 4 kW 
0.1 m/min ≤ Welding Speed ≤ 2.0 m/min 
3 mm ≤ Beam Diameter ≤ 12 mm 
7.2.3 Development of the statistical model 
Having established the process window, a D-Optimal design method [261] was 
chosen for the experiment. Optimal designs are computer-generated and are 
particularly suitable when the experimental region is irregular, the model is 
nonstandard (i.e. the experimenter knows beforehand some interactions will not 
be significant), and/or there are certain sample size requirements (i.e. reduced 
number of runs must be done). A design is D-Optimal if it “minimises the volume 
of the joint confidence region on the vector of regression coefficients” [261]. 
This allows the experimenter to input the necessary information, process 
window, constraint equations and specifies any conditions related to 
unnecessary model terms and sample size. The software then runs and 
algorithm and returns the set of experiments that have the highest D-Optimal 
efficiency.  
For this statistical model welding speed, beam diameter and power were 
selected as the factors. The application of the software reduced the number of 
experiments and allowed the analysis and correlation of the results. The 
response used in the model was the penetration and the width of the obtained 
weld. Based on the penetration variation with the process parameters (welding 
speed, beam diameter and power) it was possible to determine the optimum 
beam diameter, which resulted on the beam diameter where the penetration 
was maximum for a constant power and welding speed. 
The software used was the Stat-Ease Design-Expert ® 7.1 which is a statistical 
software that creates and evaluates general factorial designs, fractional factorial 
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designs, optimal designs, response surfaces. The software indicated that 46 
experiments were necessary to calculate the regression coefficients for the full 
mode. 
7.2.4 Development of the Numerical Model 
Numerical simulation is widely used to predict spatial distribution of the 
temperature during welding processes. Accuracy of the calculations strongly 
depends on the applied weld pool model. Therefore, appropriate description of 
the melt pool thermal behaviour is essential. Depending on the level of detail, 
two main approaches can be considered.  
One is the application of fluid dynamics simulations for the molten zone [262-
264]. In this approach, the fluid flow developing in the weld pool is simulated. 
Thus, convective heat transfer is determined explicitly. In such models, a 
coupled system of fluid flow and heat transfer equations is solved [263, 265]. To 
calculate the dimensions of the molten region, the solid-liquid interface is 
tracked. Although this approach is quite sophisticated, computational 
requirements make it less favourable for most practical applications.  
An alternative option is the application of a simple conduction heat transfer 
model. In this case, convective heat transfer is modelled, rather than calculated 
explicitly. Here, melt flow convection is considered by enhanced thermal 
conductivity of the molten region [266]. To accurately determine the effective 
thermal conductivity of the weld pool, De and DebRoy [267] presented a multi-
variable optimisation method.  
In the present study, a thermal model of laser welds has been developed. The 
model parameters – absorptivity of the material and cooling rate of the backing 
plate – were determined from experiments.  
For this, bead on plate welds were performed on 12 mm thick Al2024 T3 
samples. Sample sizes were 150 mm x 200 mm and 300 mm x 300 mm, for the 
0.5 m/min and the 0.1 m/min travel speed trials, respectively. The plates were 
coated with graphite to ensure uniform absorptivity of the samples. An 
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extraction fan providing 900 m3/h volume flow rate was directed at the top 
surface of the sample.  
The applied laser source was an IPG 8 kW continuous wave fibre laser. The 
beam was delivered by a 300 µm diameter fibre which was collimated with a 
125 mm focal length lens and focused using a 250 mm focal length lens. At the 
focal point, this produced a beam profile with a top hat distribution. These 
experiments were carried out away from the focus in order to achieve the large 
beam diameters required for laser conduction welding. Consequently, the 
resulting beam profile had a quasi-Gaussian heat distribution. Continuous 
motion of the laser head was ensured by a Fanuc robot. During the 
experiments, thermal histories were registered by K-type thermocouples 
attached to the top surface of the plates.  
The thermal cycle of the performed welds was described by a steady state heat 
transfer model. To simulate the constant travel speed of the laser spot, the 
workpiece was moving under the steady heat source in the model. The 
simulated weld geometry was determined by tracking the liquidus isotherm.  
During the simulations, a surface heat source with ideal Gaussian heat flux 
distribution was considered. Heat loss due to evaporation was taken into 
account by a heat flux reduction algorithm developed and implemented by the 
authors. Simulations involving evaporation were performed in two steps. In the 
first step, the temperature distribution was calculated without considering 
evaporation heat losses. In the next step, surface temperature under the heat 
source was monitored. If an element`s surface temperature exceeded the 
evaporation limit, the input heat flux was reduced. Moderate reduction of the 
heat flux was performed when the surface temperature was higher than the 
evaporation limit.  
Experimental trials were performed under two different cooling conditions. In the 
first case, the sample was tightly clamped to a copper backing bar and the 
extraction fan running. In the second case, the sample was unclamped, the 
backing bar removed and the fan turned off. During the simulations, the applied 
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cooling conditions were represented using different values of convection 
coefficients. On the free surfaces, the convection coefficient was 20 W/m2K for 
the ventilated case and 5 W/m2K considering natural convection [268]. The 
cooling effect of the tightly clamped copper backing bar was modelled with 150 
W/m2K. Cooling of the unclamped back plate was considered with 10 W/m2K. 
Convection parameters of the back plate were determined from fitting to 
experimental results. Free stream temperature was 293 K for all cases.  
For the 2024 alloy, a density of ρ   2770 kg/m3 was assumed [238]. Specific 
heat (cp) was considered to be temperature dependent, the values were 
adopted from Richard`s work [269]. Thermal conductivity of Al 2024 in solid 
phase was considered to be k = 190 W/mK [238]. As the material melts, 
conductivity changes to kmelt = 85 W/mK [238].  
This value however does not represent the thermal behaviour of the weld pool. 
Due to fluid flow, heat transfer phenomenon is rather more complex than this. 
To address this issue, effective thermal conductivity based on melt flow 
convection has been determined. The flow field developing in laser welds is 
surface tension dominated [270]. Thus, the velocity scale is calculated as [265]:  
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Here, 
T
is the surface tension coefficient, T  is the temperature difference 
across the weld pool and   is viscosity. For aluminium, T = 3.5 x 10-4 
N/mK and  = 1.1 x 10-3 kg/ms [265]. Fluid flow simulations of aluminium weld 
pools by Tsai and Kou [270] and Farzadi et al [271] showed that the average 
melt flow velocity is several orders of magnitude smaller than the velocity scale. 
The average melt flow velocity, u  was calculated as  
 
0,0015.0 Ruu  .             (15) 
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In heat transfer theory, the ratio between convective heat transfer and heat 
conduction is described by a dimensionless parameter, the Peclet number 
[268]. By its definition,  
 
Pe = (ρ cp u L) / kmelt             (16) 
 
with u average melt flow velocity and L weld pool width. Having the Peclet 
number (eq. (16)) in hand, effective thermal conductivity can be formulated as:  
 
keff = kmelt (1 + Pe).             (17) 
 
As equation (14) shows, the melt flow velocity scale – thus convection 
phenomenon – is influenced by the temperature. In the model, this effect was 
represented by temperature-dependent effective conductivity of the weld pool. 
During the calculations, thermal conductivity was set to keff = 85 W/mK at the 
liquidus temperature, Tliq = 911 K [238]. At the evaporation temperature Tevp = 
2743 K [238], effective thermal conductivity was defined by equation (17). 
Conductivity values between these temperatures were calculated using linear 
interpolation. For the calculation of the Pe number, weld pool width L was 
determined by tracking the liquidus isotherm.  
It is important to point out the dependency of the weld geometry on the 
temperature field, thus implicitly, on the Pe number. Due to this relation, 
effective conductivity values have been iteratively re-calculated until the 
difference between successive keff values became less than 5 W/mK.  
 
7.3 Results and discussion 
7.3.1 Statistical analysis 
The purpose of the developed statistical model was to study the effect of the 
different welding parameters on the penetration obtained in conduction laser 
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welding of aluminium. To determine the relationship between the variables and 
the response, an analysis of variance (ANOVA) was performed.  
Statistical test Penetration model Width model 
R2 0.9829 0.9511 
Adjusted-R2 0.9694 0.9389 
Pred-R2 0.9046 0.9091 
Adeq. Precision 40.894 45.833 
p-Values <0.0001 <0.0001 
Table 11 - Statistical tests performed on the final models 
Table 11 shows the coefficients of determination (R2) and adjusted-R2 for the 
two responses. In both cases the R2 coefficients are over 95%, which means 
that the variability in the data can be explained by the models [261]. The p-value 
helps the decision maker to determine the significance of the data, and its 
threshold is normally 0.05 [261], which in the case of the two responses this 
value was smaller than the threshold value. Pred-R2 values, which predict the 
variability explained by the model for new data, are in reasonable agreement 
with the adjusted-R2 values and in the two responses the Adeq. Precision tests, 
which measure the signal-to-noise ratio, are greater than 4, which is the 
minimum accepted value for this term. 
To evaluate the model reliability further, four additional welds were done. The 
penetrations were then compared with those predicted by the model, Table 12.  
The obtained values were within the confidence interval proving the reliability of 
the model. 
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Penetration Depth (mm) 
DoE model 
Experimental 
Data 
2.69 2.54 
0.80 0.77 
3.15 3.00 
4.70 4.85 
Table 12 - Comparison of the penetration obtained experimentally with the 
penetration obtained with the DoE model 
 
The performed experiments allowed us to study the influence of individual 
parameters, such as power and welding speed on the optimal beam diameter. 
Conduction mode laser welds have been performed utilising the parameter 
combinations determined by DoE. The resulting penetration depths have been 
used as basic points for the regression surface fitted over the investigated 
parameter range. Figure 61 and Figure 62 illustrates the regression surfaces for 
3 kW and 4 kW laser powers, respectively.  
 
Figure 61 - Surface plot for a constant Power of 4 kW  
Beam Diameter (mm) 
Welding 
speed 
(m/min) 
P
e
n
e
tr
a
ti
o
n
 (
m
m
) 
100 
 
Figure 62 - Surface plot for a constant Power of 3 kW  
 
Plotting the same data, but in two dimensions, maintaining one of the 
parameters constant the graphs in Figure 63, Figure 64 and Figure 65 are 
obtained. The lines represent data obtained with the statistical model while the 
points are actual data points, obtained by measuring actual welds. All of this 
Figures show the accuracy of the obtained statistical model. 
 
Figure 63 - Variation of the penetration with the welding speed with 
different beam diameters for a constant power of 4 kW.  
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Figure 64 - Variation of the penetration with the welding speed with 
different beam diameters for a constant power of 3 kW. 
 
Figure 65 - Variation of the penetration with the beam diameter with 
different welding speeds for a constant power of 4 kW. 
 
Figure 63 and Figure 64 clearly indicate that penetration decreases with 
increasing welding speed, for a constant power and beam diameter. The beam 
diameter however has a different effect on the penetration depth, Figure 65. 
This effect will be discussed further in this study.   
7.3.2 Numerical model 
Numerical simulation of the steady state heat transfer has been performed to 
determine the penetration depths for various welding parameter combinations. 
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Figure 66, Figure 67, Figure 68 and Figure 69 demonstrate the temperature 
histories calculated and measured for different combinations of the welding 
parameters. Measurement points are located halfway between the start and end 
point of the weld, 5 and 10 mm from the edge of the laser beam.  
The temperature graphs show good agreement between the simulations and 
the experimental values. The maximum difference between the calculated and 
measured peak temperatures is 25K. During the simulations, absorptivity values 
of 90% and 65% were used for the 0.5 m/min and 0.1 m/min travel speed trials. 
These values were determined by fitting the calculated peak temperatures to 
the experimental data.  
For trials using v = 0.5 m/min welding speed, the calculated heating and cooling 
rates agree well with the measured ones. When considering the case with v = 
0.1 m/min welding speed, the calculated heating and cooling rates show 
interesting behaviour. The simulation predicts slower heating in the first 80 
seconds and accurate heating rate close to the peak temperatures. When 
considering the cooling phase, the calculated cooling rates match with the 
measured data in the first 20 seconds. After this initial period, the calculation 
predicts slower cooling compared to the measurement.  
It is important to remark that in the early stage of the simulated heating cycle, a 
significant 60 K temperature surplus can be observed. This temperature 
increment leads to the observed change in the heating rate. Similar early stage 
temperature increment can also be observed for trials with higher welding 
speed. However, the deviations for these trials are negligible (5-6 K), as Figure 
66, Figure 67, Figure 68 and Figure 69 show.  
Figure 70, Figure 71, Figure 72 and Figure 73 demonstrate the experimental 
and simulated weld geometries. For P = 2 and 3 kW laser powers, the 
calculated weld geometry is similar to the experimental profile. However, the 
simulations slightly under-predict the width and the depth of the welds. Focusing 
on trials using P = 4 kW laser power, the simulations over-predict the 
penetration and under-predict the weld width. Relative errors in the weld 
geometry predictions are presented in Table 13.  
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Process 
parameters 
Penetration 
error [%] 
Weld width 
error [%] 
2kW, 0.5 
m/min 
11 14 
3kW, 0.5 
m/min 
1 16 
4kW, 0.5 
m/min 
16 11 
4kW, 0.1 
m/min 
7 6 
Table 13 - Relative errors in the prediction of the weld geometry 
 
Figure 66 - Temperature history for P = 2 kW, d = 9 mm, v = 0.5 m/min 
 
Figure 67 - Temperature history for P = 3 kW, d = 9 mm, v = 0.5 m/min 
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Figure 68 - Temperature history for P = 4 kW, d = 9 mm, v = 0.5 m/min 
 
 
 
Figure 69 - Temperature history for P = 4 kW, d = 7.5 mm, v = 0.1 m/min 
 
 
 
Figure 70 - Weld profile for P = 2 kW, d = 9 mm, v = 0.5 m/min 
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Figure 71- Weld profile for P = 3 kW, d = 9 mm, v = 0.5 m/min 
 
 
 
Figure 72- Weld profile for P = 4 kW, d = 9 mm, v = 0.5 m/min 
 
 
Figure 73 - Weld profile for P = 4 kW, d = 7.5 mm, v = 0.1 m/min 
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Figure 66, Figure 67 and Figure 68 demonstrate that the numerical model gives 
good description of the thermal cycle for the v = 0.5 m/min welding speed trials. 
The observed good agreement between the experimental and the calculated 
cooling rates suggests accurate prediction of the surface convection 
parameters.  
Focusing on the trial with v = 0.1 m/min welding speed, accuracy of the model is 
limited. As noted on Figure 69, the calculated heating and cooling rates deviate 
from the measurement data. To explain the observed behaviour, the applied 
steady state heat transfer model was investigated.  
Dimensional analysis was performed to assess the relative importance of 
convective and conductive heat transfer. Considering the relevant terms of the 
heat transfer equation, the heat transfer ratio is:  
 
rHT = v Δx ρ cp / k.                     (18) 
 
For the sake of the dimensional analysis, constant thermal properties were 
used. Considering Δx   0.15 m half length of the sample, cp   800 J/kgK and k 
= 120 W/mK, the heat transfer ratio for the v = 0.1 m/min travel speed trial is rHT 
= 4.61.  
As the dimensional analysis shows, convection is almost five times stronger 
than thermal diffusion. Although convection is dominant, diffusion has a 
considerable influence on the heat transfer in the v = 0.1 m/min travel speed 
trial. The artificial temperature increment observed in the first part of the heating 
cycle is presumably caused by thermal diffusion. This shortcoming inevitably 
affects the heating rate as well. 
For the v = 0.5 m/min travel speed trials performed on the 200 mm long plates, 
the heat transfer ratio is rHT = 15.36. For these runs, convection is one order of 
magnitude greater than thermal diffusion. As a result, artificial temperature 
increments are negligible in these cases. Thus, calculated heating and cooling 
rates match with the experimental values.  
Reduction of the absorptivity as the welding speed changes from 0.5 m/min to 
0.1 m/min can be explained based on thermal effects. The slower heat source 
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causes more efficient pre-heating of the material ahead of the beam. This likely 
destroys the graphite coating, thus reduces the absorptivity.  
The weld profiles presented on Figure 70 to Figure 73 show good agreement 
with the measured real weld geometries. The simulation results match with the 
experiments for welds with various aspect ratios. This suggests that the 
developed conduction-based thermal model of the weld pool is accurate.  
The most perceptible difference between the measured and calculated 
penetration occurs for the P = 4 kW trial, using v = 0.5 m/min welding speed. It 
is worth noticing that the same trial produced the highest over-prediction of the 
simulated peak temperatures. Therefore, such over-prediction of the penetration 
is not surprising.  
 
7.3.3 Effect of welding parameters in conduction mode and 
comparison between the statistical model and the numerical 
model 
In order to further investigate the effect of beam diameter on the penetration, 
relevant cuts of the 4 kW regression surface, Figure 61, have been considered 
at welding speeds 0.1, 0.5 and 2 m/min. To the same end, numerical 
simulations at these welding speeds have been performed. Simulations have 
been carried out for beam diameter ranging from 3 mm to 12 mm. Figure 74 
demonstrates the penetration depths in the function of beam diameter for 
various welding speeds.  
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Figure 74 - Variation of the penetration with the beam diameter with 
different welding speeds 
Figure 75 shows the variation of the penetration depth for different laser 
powers, as the beam diameter changes. Similarly to Figure 74, curves without 
symbols represent results from the regression analysis and curves plotted with 
symbols denote the simulation data.  
 
Figure 75 - Variation of the penetration with the beam diameter for 
different powers 
The simulation results and the penetrations obtained in the regression analysis 
showed very similar values. The only noticeable deviation occurred for the 4 kW 
case with the welding speed of 0.1 m/min, shown on Figure 74. Here, the 
simulation results over-predicted the penetrations calculated from the 
regression analysis for smaller beam diameters.  
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Penetration curves shown in Figure 74 and Figure 75 have similar tendencies. 
For small beams, the penetration increases with increasing beam diameter until 
reaching the maximum value. This penetration maximum defines the optimal 
beam size. After the peak, the penetration decreases with increasing beam 
diameter.  
The influence of process parameters – power and welding speed – on the 
optimum beam diameter has been studied based on Figure 74 and Figure 75. 
Increasing welding speed decreases the optimum beam diameter, for a 
constant power, see Figure 76. The optimum beam diameter increases with 
increasing power.  
 
Figure 76 - Variation of the Optimum Beam Diameter with Welding Speed 
for different power levels 
Width curves shown in Figure 77 have similar tendencies to the penetration 
curves, Figure 74 and Figure 75. For small beams, the width increases with 
increasing beam diameter until reaching the maximum value. After this peak, 
the width decreases with increasing beam diameter. 
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Figure 77 - Variation of the width with the beam diameter for different 
welding speeds and power of 3 kW 
Investigating the regression analysis and simulation results for different powers 
and welding speeds shows that the beam diameter has significant effect on the 
penetration, Figure 74 and Figure 75.  
The right portion of the curves, in Figure 74 and Figure 75, shows the variation 
of the penetration for larger beams. In this region, penetration decreases with 
increasing beam diameter. This trend can be easily explained on the basis of 
simple heat transfer phenomena. Increasing beam diameter practically results 
in decreasing power density. According to heat transfer theory, there is a direct 
relation between power density and penetration depth. As a consequence, 
decreasing power density decreases penetration.  
The left portion of the curves, in Figure 74 and Figure 75, however shows 
opposite trend. In the region of small spot sizes, increasing beam diameter 
results in increasing penetration. This practically means that decreasing power 
density increases penetration in this region. This trend clearly contradicts simple 
heat transfer theory. The observed trend suggests that penetration behaviour in 
this regime is governed by a different mechanism, which is interaction time 
[249]. Interaction time is the heating time of the process on the centreline of the 
weld and it is the ratio between the beam diameter and the welding speed. 
Combining Figure 60 with Figure 78 allows a better understanding of the 
mechanisms involved. For a constant power and welding speed as we increase 
the beam diameter the power density is decreasing while the interaction time is 
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increasing, Figure 78. On the left portion of the curves, in Figure 74 and Figure 
75, the surface temperature is at vaporisation temperature, based on Figure 60. 
This means that the decrease of the power density, by increasing the beam 
diameter, does not change the temperature at the surface. However, this 
increases the interaction time which results in an increase of the penetration 
until the optimum beam diameter is reached. 
 
Figure 78 - Variation of the penetration, with beam radius for a constant 
power and welding speed 
 
The increase of optimum beam diameter with the increase of power can be 
explained based on the definition of power density. Increasing power requires 
the increment of the beam diameter in order to maintain similar power density 
and so maintain the same thermal mechanisms. Optimum beam diameter is 
also affected by the welding speed. Increasing welding speed reduces the 
interaction time. Therefore, higher power density is required to cause the same 
thermal effect. 
Investigating the regression analysis for different welding speeds shows that the 
beam diameter has an effect on the width, Figure 77. 
The right portion of the curves, in Figure 77, shows the variation of the width for 
larger beams. In this region, width decreases with increasing beam diameter. 
This can be easily explained based on a simple heat transfer phenomena. The 
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increase in beam diameter results in decreasing the power density. As a 
consequence the power density is not sufficient to cause melting, especially at 
the edges of the laser beam. 
7.4 Conclusions 
In this paper a continuous wave Fibre Laser was used in the defocus position in 
order to investigate the importance of the beam diameter in laser conduction 
welding. The study led to the following conclusions: 
 It is possible to evaluate that when increasing the beam diameter there is 
an increase in the penetration, while the surface temperature is 
maintained at the vaporisation temperature. However, when the surface 
temperature goes below the vaporisation temperature, a decrease of the 
penetration happens. The point of transition between the increase and 
the decrease of penetration is the optimum beam diameter, which results 
in the maximum penetration. 
 The optimum beam diameter depends on the welding speed and the 
power. For higher levels of power the optimum beam diameter is larger. 
On the other hand, the optimum beam diameter increases with the 
decrease of the welding speeds.  
 Based on the statistical model obtained, it would be possible, in the 
range of parameters used, to obtain penetrations of 4.9mm. However this 
value is only limited by the range of parameters used for these trials. 
 The applied numerical model predicted the same effect of beam diameter 
on the penetration, as was observed from statistical model and from 
experimental data. 
 The applied numerical model provides accurate description of the 
thermal field for 0.5 m/min travel speed.  
 Accuracy of the numerical steady state model is limited for low travel 
speed.  
 During the development of the model it was concluded that the 
absorptivity changes occur with travel speed due to the pre-heating of 
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the material and thus removal of the graphite coating in front of the laser 
beam.  
 Both the statistical model and the numerical model provided good 
approximation with the experimental values 
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8  Characterisation of Residual Stress State in Laser 
Welded Low Carbon Mild Steel Plates Produced in 
Keyhole and Conduction Mode 
This chapter presents a paper examining the residual stress state of welds done 
in conduction mode and in keyhole mode. Characterisation of residual stress 
state was performed in 4 mm low carbon steel plates laser welded in keyhole 
and conduction mode. Residual stress characterisation was carried at the 
ENGIN-X strain scanner at the ISIS, UK. It was shown that although the 
maximum magnitude of tensile residual stress is similar in welded specimens 
manufactured under different welding modes the distribution profile is quite 
different. The conduction welding mode resulted into a larger tensile stress 
domain as compared to the keyhole mode. This also resulted in a different 
magnitude of balancing compressive residual stress field. Understanding of 
such different stress profiles is important for application of such advanced 
welding processes in joining of design efficient structural material.     
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8.1 Introduction 
 
Laser welding has two different operational regimes, conduction and keyhole 
welding. The key difference between these two modes is the power density 
applied to the welding area. Conduction mode takes place when the power 
density is not sufficient to cause boiling. In keyhole mode the power density 
used is high enough to cause vaporisation and create a keyhole in the melt pool 
[98, 99]. Welding processes generate an integrated structure with a changed 
microstructure in the fusion and associated heat affected zone along with the 
creation of a variably distributed residual stress field across the weld. For 
material engineers it is vital to characterise the residual stress state in a welded 
structure as residual stresses can have a significant effect on the integrity of the 
structure while in service[272]. The other important aspect is the distortion of 
the welded structure, resulting from the generation of residual stress, which may 
render the structure unusable or add additional cost to repair before putting it 
into service[273] .  In this work residual stress characterisation has been 
performed on welds produced by laser welding in keyhole and conduction 
modes. Residual strain measurement was carried out using a spallation neutron 
source and the stress was analysed.   
 
The main cause of residual stress generation is the compressive plastic yielding 
that occurs ahead of the molten zone as the material heats and expands during 
welding. The compressive plastic flow is not balanced by tensile plastic flow 
during cooling resulting in formation of a tensile residual stress field in and 
around the weld zone with a balancing compressive stress field further out in 
the parent material. When the balancing compressive stress field exceeds the 
critical buckling load, distortion of the welded structure occurs. Therefore, in 
order to eliminate distortion it is necessary to reduce the tensile stress field 
across the weld which would reduce the compressive stress field generated in 
order to balance the tensile stress field [274]. Currently there are several 
techniques that allow the minimisation of the distortions caused by welding[275-
279]. 
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The beneficial characteristics of keyhole welding, especially large penetration 
depth and relatively small heat affected zone attracted more industrial 
applications.  However, keyhole welding also has several problems that may 
lead to high levels of porosities and other weld defects [3, 75, 76]. This welding 
mode, because of its high penetrability, is used for a wide range of applications 
in different industrial sectors e.g. pipeline, aluminium alloys welding[39, 40] , 
magnesium alloys welding[61, 280] and stainless steel welding[49].  
Conduction mode is the alternative to keyhole mode of welding. The main 
advantages of conduction welding is the high flexibility and control over its heat 
input which results in high quality welds free of porosity, undercut and humping. 
Also conduction welding results in spatter free welds as the weld pool is much 
less turbulent as compared to keyhole mode.  This mode operates at a lower 
power density  and does not involve any significant vaporisation [146]. 
Conduction mode welding is used mainly in welding aluminium alloys[100], 
however, more investigations are now being focussed and new applications for 
this laser welding mode are being introduced[223]. Normally laser welding is 
selected over other welding processes because of its characteristics of high 
power density with low heat input. This results in a reduction in generation of 
residual stresses and distortion. The application of conduction instead of key-
hole mode would increase the heat input and thereby also result in an increase 
of the residual stresses and the distortion. Therefore, it is necessary to have a 
comparative quantification and characterisation of the residual stresses 
magnitude and distribution profile for the conduction and key-hole modes of 
laser welding. This would allow a better understanding on the application based 
suitability of using these two different welding modes. 
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8.2 Experimental technique   
 
8.2.1 Preparation of welded samples: 
 
An IPGYLR-8000 continuous wave fibre laser with a maximum power of 8000 
W and a wavelength of 1070 nm was used in manufacturing the welded 
specimens. The laser beam is delivered by a fibre of 300 µm diameter. A 125 
mm collimating lens and a 500 mm focal length lens was used which resulted 
into a beam diameter of 1.2 mm at the focal spot. The focal position, the beam 
diameter and the beam profile for the lens used was determined using a Primes 
GmbH Focus monitor system. The welds made with spot diameter larger than 
1.2 mm (diameter of the laser spot in the focal position) were obtained by 
appropriate positioning of the sample in a de-focussed position of the laser 
beam to obtain the required beam diameter. 
The welding parameters necessary to produce conduction and keyhole mode 
were determined by conducting several experiments and by observing the 
macrographs of the weld profiles. The parameters used for manufacturing the 
specimens using different welding modes are shown in Table 14. All the welds 
were made in bead on plate configuration. 
Table 14 - Different welding parameters used 
Welding mode Keyhole Conduction Conduction 
Beam Diameter (mm) 1.2 9 15 
Power (kW) 8 3 3 
Welding Speed (m min-1) 3.5 0.5 0.5 
Heat Input (kJ mm-1) 0.137 0.36 0.36 
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The material used was 4 mm thick S355 mild steel. The plates were cleaned 
using a wire brush and then with acetone in order to avoid contamination of the 
welds. The chemical composition of the S355 grade is shown in Table 15. For 
the metallographic preparation all the samples were mounted, polished and 
etched using 2% Nital etchant.  
Table 15 - Chemical composition (wt%) of S355 mild steel 
C Si Mn Cr Ni Cu 
Max 0.15 0.25/ 0.55 1.00/ 1.65 Max 0.25 Max 0.45 Max 0.3 
 
A schematic view of the specimen and the measurement locations were shown 
in Figure 79. The imaginary cross sectional plane ABCD was near the mid-
length of the weld.  It can be seen that two different through thickness lines 
across the weld were measured to understand the variation of stress generation 
through the thickness. 
 
Figure 79 – Schematic view of the specimen and the measurement 
locations. 
The welding direction is taken as the longitudinal direction and other two 
orthogonal directions across the weld and through the thickness was 
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considered as the transverse and normal directions. Stress analysis was carried 
out from the measured strain with the reasonable assumption that these are the 
principal strain directions.  
8.2.2 Neutron strain scanning: 
 
The neutron diffraction experiment was carried out at the ENGIN-X strain 
scanner at the spallation neutron source at ISIS, RAL, Oxford, UK. The ENGIN-
X, strain scanner at ISIS operates on the time-of-flight principle where the 
detectors were kept at a fixed position of ±90° to the incident beam. The 
experimental sample is positioned in a way that two principal strain directions 
are measured in the two detectors separated by 180°. At ENGIN-X the 
experimental specimen is irradiated with pulses of white neutron beam with well 
defined energy spectrum. The time-of-flight of each neutron in a pulse would 
depend on the wavelength. Therefore, at a fixed diffraction angle of 90°, 
neutrons with a specific time-of-flight range would be diffracted by a specific set 
of crystallographic plane. The details of ENGIN-X could be found 
elsewhere[281] . The most advantageous thing of using a spallation neutron 
source like ENGIN-X is in its ability to simultaneously refine a range of 
crystallographic planes thereby minimising the anisotropy that may exist in 
between different crystallographic directions. In the present experiment a TOF 
range of 20-40 msec was used which resolved into an inter-planar spacing of 
1.1 to 2.1 Å. The {110}, [282] and {211} families of crystallographic planes were 
analysed. An incoming beam dimension of 2 mm × 2 mm was used for the 
longitudinal strain measurement while 2 mm × 10 mm was used for transverse 
and normal strain directions. A 2 mm collimator was used for all the 
measurements. The diffraction geometry resulted in a cuboid gauge volume of 
2×2×2 mm3 in longitudinal strain direction and 2×10×2 mm3 in transverse and 
normal strain directions. Refinement of the diffraction spectrum was performed 
using the General Structure Analysis System (GSAS) programme which gave a 
average lattice parameter (a) of the irradiated volume[283] . 
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Welding produces a change in composition along the fusion line which results in 
a change in the lattice parameter in and around the fusion zone, therefore, for 
interpretation of strain it is necessary to measure a stress free reference which 
would be relieved for any elastic macro-stress but would reflect the change in 
lattice parameter due to compositional variation. However, in the present case 
due to the low dimension (~ 4 mm) in the through thickness direction a plane 
stress condition was assumed i.e. the normal direction is of insufficient 
constraint to hold any significant internal stress field. The stress free reference 
(a0) and then the stress was then analysed using the following equations[284] ; 
 
   
   
   
   
 
   
              
 
Where a0 is the stress free reference computed from the measured lattice 
parameters in longitudinal (aL), transverse (aT) and normal (aN) strain directions 
and 𝜈 is the Poisson’s ratio. The strain was then computed in accordance with 
equation 20. 
    
       
  
       
 The stress was then computed using equation 21. 
    
 
      
                
 
8.3 Results 
 
8.3.1 Weld Macrographs: 
The cross-sectional macrographs of samples used for characterising the 
residual stresses are shown in Figure 80. It is evident that the macrograph 
shown in Figure 80 a) was welded in keyhole mode while Figure 80 b) and c) 
were produced in conduction mode. Residual stresses were analysed in these 
three welded samples and were compared in this study. 
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8.3.2 Residual stress measurements 
Figure 81 shows the longitudinal stress variation along the mid-thickness and 
1.45 mm from the surface for the specimens welded in conduction mode. It can 
be seen that there is no through thickness variation of the stress magnitude and 
distribution across the weld. This is due to the fact that the thermal cycle that 
causes the stress through the thickness was uniform. Although the actual 
penetration depth is less than half of the plate thickness, the residual stress 
magnitude did not show any significant variation as the through thickness 
dimension is relatively small. 
 
Keyhole welding mode Conduction welding mode Conduction welding mode 
   
Beam Diameter = 1.2 mm 
Welding Speed = 3.5 m 
min-1 
Power = 8 kW 
Heat Input = 0.137 kJ mm-1 
Beam Diameter = 9 mm 
Welding Speed = 0.5 m 
min-1 
Power = 3 kW 
Heat Input = 0.36 kJ mm-1 
Beam Diameter = 15 mm 
Welding Speed = 0.5 m 
min-1 
Power = 3 kW 
Heat Input = 0.36 kJ mm-1 
Figure 80 - Macrographs of the laser welds made in keyhole and 
conduction welding mode 
a) b) c) 
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Figure 81 - Comparison of the longitudinal residual stress at 1.45 mm from 
the surface and at mid-thickness of the plate of the sample in conduction 
mode with a beam diameter of 9 mm 
 
The mid-thickness of the plate longitudinal stress variation across the weld in 
the sample produced in keyhole mode and that of the two samples produced in 
conduction mode are shown in Figure 82 to Figure 84. Also shown on these 
figures is the width of the weld zone on the top surface as measured from the 
macrographs. It can be seen that the magnitude of the longitudinal residual 
stress reached up to 400 MPa in all the three specimens. 
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Figure 82 - Longitudinal residual stress of the keyhole welded sample 
 
Figure 83 - Longitudinal residual stress of the conduction mode welded 
with a beam diameter of 9 mm 
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Figure 84 - Longitudinal residual stress of the conduction mode welded 
with a beam diameter of 15 mm 
There is a proportional increase in the width of the peak residual stress plateau 
across the weld centre with increase in weld width. The weld width is dependent 
on the laser spot diameter, even if the heat input is identical. However, the 
dimension of the weld width is not identical to the beam diameter. This is 
because the power density near the edge of the beam diameter will be less and 
might not be sufficient to cause melting of the base material. Therefore, the 
width of the tensile stress plateau will depend on both the heat input and the 
beam diameter. 
Figure 85 combines the longitudinal stress variation results showed in Figure 82 
to Figure 84. The difference in width of the tensile peak for the three welds can 
be seen. It is also evident that the balancing compressive stress field has also 
been changed substantially with a much larger value for samples welded under 
conduction mode. This increased compressive stress field has significant 
implications in the generation of distortion. Also the stress engineering strategy 
[277, 278, 285, 286] for residual stress mitigation at the time of welding would 
be different for both welding modes. Keyhole mode has an irregular heat 
distribution pattern across the weld. This could be the reason for the asymmetry 
in the residual stress profile. On the other hand, conduction mode is a much 
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more stable process which means that the heat distribution is more regular and 
so the residual stress results present a more symmetric profile. 
 
Figure 85 - Comparison of the longitudinal residual stress of the welds 
obtained in keyhole and conduction mode 
 
Figure 86 - Longitudinal and transverse residual stresses of the 
conduction mode welded with a beam diameter of 9 mm 
Figure 86 shows the longitudinal and transverse stress distribution profiles for 
conduction welded specimen with beam diameter 9 mm. It can be clearly seen 
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that the transverse residual stress magnitude is insignificant as compared to the 
longitudinal stress. 
 
Figure 87 - Hardness profile of keyhole laser welding and conduction laser 
welding 
The comparison of the hardness profiles in Figure 87, shows that the keyhole 
laser weld has a much higher hardness in the fusion zone compared to the 
conduction laser weld. This can be attributed to the fact that the cooling rate in 
keyhole welding is much faster with a lower heat input as compared to the 
conduction welding. In keyhole mode the energy density in the spot is much 
higher as compared to the conduction mode, the heat input is lower as the 
process can operate faster. Therefore, the cooling rate is much higher in 
keyhole mode as compared to the conduction mode. The accelerated cooling 
rate would result in hard intermediate phase formations which would influence 
the hardness profile of the welds. The residual stress generation, on the other 
hand, remains comparable as both processes are fusion based and causes 
plastic yielding in front of the weld pool.  
The keyhole and conduction modes of laser welding are unique in their 
characteristics. The applicability of these two distinctive processes depend on 
several factors e.g. productivity requirement, welding set-up tolerance, 
qualitative requirements and other operative factors. Residual stress 
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characterisation is increasingly becoming important with introduction of more 
competitive and design efficient structures. Therefore, characterisation of 
residual stress profile is important to understand the implication of adopting 
such processes for safety critical structural welding and fabrications. 
8.4 Conclusion  
 
 The peak magnitude of residual stress was found to be similar for the 
keyhole and conduction modes of welding. 
 The area under the tensile domain of the stress is much higher in 
conduction mode which means the balancing compressive stress 
generated is also much larger. This may have significant implications, for 
structural integrity, and distortion of welded components.  
  The width of residual tensile stress plateau depends on the heat input 
and the beam diameter. 
 There is a significant difference in distribution profile between the two 
modes of welding.  
 In keyhole laser welding the combination of low heat input with high 
welding speeds results in a faster cooling rate. This results in significantly 
high fusion zone hardness as compared to welds made in conduction 
mode. 
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9 Summary and discussion 
There are two distinct modes in laser welding, conduction and keyhole. 
Understanding the differences between these two laser welding modes, , is 
crucial when deciding which process to use. In this research the transition 
between these two modes has been studied in detail.  
Keyhole mode laser welds features high penetration, high productivity and high 
aspect ratio leading researchers to focus deeply on this topic. In contrast 
conduction mode welding has not been studied extensively. However 
conduction mode has a definite role in laser welding, not only due to the stability 
of the process, but also because of the high quality welds obtained.  
This research first focused on a detailed study of the transition between 
conduction and keyhole mode using a continuous wave (cw) laser. The effect of 
different process parameters, such as power density, interaction time and beam 
diameter, was investigated. A deviation from the usual definition of the transition 
between conduction and keyhole mode based on a single power density, 
completely independent of other process parameters was found. The actual 
power density at which transition between the two modes occurs is also 
dependent on interaction time and on beam diameter. An increase of interaction 
time results in a decrease of the power density at which the transition occurs. 
Similarly, an increase of beam diameter also results in a decrease of the power 
density at which the transition occurs. The study also revealed that there is a 
transition region of power density between conduction and keyhole mode. This 
is contrary to results published in the current literature and the claims that the 
transition between conduction and keyhole is sharp [98-100]. The transition 
mode shows characteristics of the two other welding modes. This includes a 
rougher top profile with some undercut, characteristic of keyhole mode, but with 
a low aspect ratio which is characteristic of conduction mode. However, while 
both conduction and keyhole welding modes show an increase of penetration 
depth with an increase of power density, assuming constant interaction time 
and beam diameter, in the transition mode the rate of increase of the 
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penetration with power density is reduced. The identification of this transition 
region is a significant finding considering that the definition that separated 
conduction mode from keyhole mode has its origins in the 1980’s [1]. 
The next stage of the research focused on understanding how the thermal 
properties of different materials influence the transition from conduction to 
keyhole mode. By analysing how penetration depth varies with power density, 
for a constant interaction time and beam diameter, it was possible to evaluate 
that all three materials (aluminium, mild steel and stainless steel) showed a 
transition mode between conduction and keyhole mode and that, for all 
materials, the transition mode is characterised by having a very small increase 
of the penetration with an increase in power density. In this study all the 
materials were graphite coated in order to assure very similar coupling 
efficiencies and that the observed behaviour was due to the thermal properties 
of the materials. To the authors’ knowledge no prior work has been published in 
comparing the behaviour of materials with different thermal properties in 
conduction and in keyhole mode. In this work it was determined that lower and 
upper limits of conduction mode are influenced by the thermal properties of the 
materials. 
The next part of the research extended the study of the transition from 
conduction to keyhole mode to pulsed wave (pw) lasers. From the previous 
stage of the research for cw lasers the transition mode between conduction and 
keyhole mode can be effectively identified. However for pulsed wave lasers the 
transition mode is much less evident and harder to identify. During this research 
a comparison of the effects of power density, interaction time and beam 
diameter between cw and pw laser welds was made. This highlighted that pw 
laser welds have much higher penetration efficiency than cw laser welds. These 
differences in behaviour can be attributed to a combination of two effects. The 
first one relates to the fact that there is a surface tension gradient driven fluid 
flow which acts in opposition to the formation of a keyhole. Overcoming this 
surface tension is one of the origins of the transition mode. In cw welding there 
is additional fluid flow towards the keyhole due the translation of the weld pool 
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through the material. This delays the formation of the keyhole further and leads 
to the wide transition region observed in cw welding. This also leads to the 
differing penetration depths observed for cw and pw laser welds. The size of the 
difference depends on the interaction time. The other effects relates to the fact 
that the pulsed laser has a higher spatial peak power density. At shorter 
interaction times the gap in penetration depths for the pw laser welds compared 
to cw laser welds is higher than at higher interaction times. 
A further part of this research was the study of conduction mode laser welding 
of aluminium and how the beam diameter affects the penetration depth. A 
comparison was made between an empirical statistical regression model and a 
finite volume model. This was done in order to identify the mechanisms 
governing the weld geometry. It was possible to identify with both models that 
there is an optimum beam diameter for a given laser power and travel speed, 
where the penetration is maximum. The effect of power and welding speed on 
the optimum beam diameter was also evaluated. For higher levels of power the 
optimum beam diameter is larger, while for lower values of welding speed the 
optimum beam diameter is lower. Both numerical and empirical modelling can 
be used to identify the optimum beam diameter in laser conduction welding. 
 
In the final part of this research a characterisation of the residual stresses 
obtained in keyhole and in conduction mode welding was made. It was shown 
that the peak magnitude residual stress obtained in both modes was similar, 
however the profiles obtained had significant differences. By comparing these 
two modes it was possible to determine that the width of the residual tensile 
stress plateau across the weld zone depends not only on the heat input, as 
shown in previous work [274], but also on the beam diameter of the laser at 
constant heat input. Due to the much higher area under the tensile domain of 
the residual stress field, when in conduction mode, the balancing compressive 
residual stress generated is also much higher leading to higher distortions. This 
larger compressive residual stress means that buckling distortion is more likely 
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in conduction welds compared to keyhole welds. Conduction mode has higher 
residual stresses, however it has a softer fusion zone. 
Using conduction mode increases the range of applications of laser welding. 
The high stability of conduction mode welding allows precise control of the 
process and in very high quality welds with no spatter, porosity or undercut. 
During the duration of this work some applications were developed using 
conduction mode laser welding. These applications highlight the characteristics 
of conduction mode laser welding and are shown in APPENDIX A.  
This research has significantly improved the understanding of the conduction 
laser welding process. It has also investigated thoroughly the transition region 
between conduction and keyhole mode welding.  
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10 Conclusion and future work 
10.1 Conclusion 
During this study of the transition from conduction mode to keyhole mode lots of 
unknown effects were seen. The following conclusions derived from the 
objectives shown in Chapter 2 are presented as follows. 
Transition behaviour between conduction and keyhole mode laser 
welding. 
 
 The power density at transition between conduction and keyhole mode is 
not a unique value. The actual value is also dependent on the interaction 
time and on beam diameter.  
 In continuous wave laser welding there is transition mode between 
conduction mode and keyhole mode, characterised by a reduced rate of 
increase of the penetration depth with power density. 
 The welds obtained in the transition mode show characteristics of the 
other two welding modes. 
 The aspect ratio can be used to distinguish between conduction mode 
and keyhole mode. However the aspect ratio value that separates 
conduction mode from keyhole mode is also dependent on the 
interaction time used and also on the beam diameter 
Material property effects in laser conduction welding 
 The power density values that limits conduction mode are dependent on 
the material thermal properties. 
 Aluminium, due to its higher thermal conductivity, has a higher 
penetration efficiency in conduction mode, followed by mild steel and 
then by stainless steel. 
 In keyhole mode the penetration depth of all the materials is very similar. 
So the material thermal properties in keyhole mode have less influence 
on the penetration depth than in conduction mode.  
134 
Comparison between pulsed wave and continuous wave laser welding 
 In pulsed wave laser welding there is also a transition mode, however 
much less evident than in continuous wave laser welding 
 In welds done under the same conditions of power density, interaction 
time and beam diameter the pulsed wave laser welds has higher 
penetration efficiency when compared to continuous wave laser welds 
 
Parameter effects in laser conduction welding 
 
 For a given laser power and travel speed there is an optimum beam 
diameter where the penetration depth is maximum 
 Both numerical and empirical modelling can be used to identify the 
optimum beam diameter in laser conduction welding 
 
Residual stress effects in laser conduction welding 
 The peak magnitude of residual stress for keyhole and conduction 
modes of welds is very similar but the width of the tensile zone  is much 
wider in conduction mode 
 The balancing compressive stress generated by a conduction mode weld 
is much larger than the one generated by a keyhole mode weld due the 
wider tensile peak.  
 The width of residual tensile stress plateau depends on the heat input 
and the beam diameter. 
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10.2 Future work 
Deeper comparison between continuous wave laser welding and pulsed 
wave laser welding 
To add to the knowledge of continuous wave laser welding and pulsed wave 
laser welding the comparison, using interaction time and power density as 
welding parameters, between these two laser types should be extended to other 
materials. This would allow an evaluation of the effects of the materials thermal 
properties in each laser type. Also, a comparison using a modulated laser 
system, a laser that can operate in continuous wave or pulsed wave, this would 
allow a comparison using the same beam profile. 
Investigation of the optimum welding parameters in long pulsed 
conduction laser welding 
The advantages of conduction laser welding mode could be transferred to “long” 
pulsed laser welding. The issue of using a pulsed laser welding system in 
conduction laser welding is that the penetrations is limited by the pulse duration, 
this could be overcome by using pulses with longer durations (higher than 1 
second duration). An investigation into the effect of power, beam diameter and 
pulse duration (which is the interaction time) would add to the knowledge of 
conduction mode laser welding. This would also allow an extra comparison 
between the welds done with a moving laser beam and a stationary laser beam 
using interaction time, power and beam diameter as the common welding 
parameters. 
Investigation into the effect of the laser beam shape using interaction time 
and beam diameter as the welding parameters 
All the work shown in this thesis was made using a circular laser beam. The use 
of different shaped laser beams (for example elliptical) would allow a better 
understanding of the effect of interaction time for different beam shapes in laser 
welding, both continuous and pulsed wave laser welding. The investigation of 
the effect of a different shape laser beam should be done not only to look into 
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the transition between conduction and keyhole mode, but also in the 
comparison between continuous wave and pulsed wave laser welding and in 
the identification of the optimum beam diameter in conduction mode. 
Evaluation of the effect of different shielding gases on the transition 
between conduction and keyhole mode 
Following the work shown in this thesis the next step would be the investigation 
of the effect of different shielding gases at different concentrations on the 
transition between conduction mode and keyhole mode and on the optimum 
beam diameter. This investigation would allow a deeper understanding of the 
effect of surface tension, which is influenced by the shielding gases, on the 
transition between conduction and keyhole mode. Also on the effect that 
surface tension will have on the shape of the weld when operating in conduction 
mode. 
Deeper characterisation and understanding of the transition between 
conduction mode and keyhole mode 
A better characterisation, which will lead to a better understanding, of the 
transition between conduction mode and keyhole mode should be made. 
Evaluation of the laser beam absorption, also known as coupling efficiency, as 
the power density increases, starting from where no melting takes place and 
going through conduction mode, transition mode and finishing in deep keyhole 
mode would add considerable knowledge to all these modes. Adding to this the 
capture of high speed video and thermal data would also provide important 
information that would add to the knowledge of the transition between the 
different modes, but also to a better understanding of each mode (conduction, 
transition and keyhole mode) individually. 
Investigation of the effect of wavelength on the transition between 
conduction mode and keyhole mode 
Study the effect of using different lasers with different wavelengths. Using 
different wavelengths in the three different modes and in the transition between 
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the welding modes will allow a better understanding into the real effect of 
wavelength in each welding mode. A comparison between the coupling 
efficiency and the wavelength of the laser, for the different welding modes, will 
allow a better choice of the laser to use depending on which welding mode will 
be applied. 
Investigation of the effect of different alloy elements in aluminium on the 
transition between conduction mode and keyhole mode 
The study of the material properties effect on the transition between conduction 
mode and keyhole mode could be extended to different aluminium alloys. A 
comparison between different alloys would allow a better understanding on how 
different alloys elements influence the keyhole formation. 
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APPENDIX A   
Conduction mode - Broadening the range of 
applications for laser welding 
This section presents a paper that was shown at the 63rd Annual Assembly & 
International Conference of the International Institute of Welding. Conduction 
laser welding opens up a range of innovative applications for laser welding. This 
relatively novel mode of laser processing expands the application potential 
significantly beyond what is normally achieved today. The main reason for this 
could be attributed to the different characteristics of conduction process when 
compared to keyhole laser welding. An example is the higher stability of 
conduction which results in welds of higher quality and better control of the 
welding process. Despite the advantages of conduction laser welding, it is yet to 
be exploited significantly for industrial applications and there are very  few 
applications for which this mode of operation is used. This paper is aimed at 
presenting different varieties of applications for conduction laser welding using a 
fibre laser. This ranges from high quality aluminium welds to laser brazing of 
stainless steel to metal foams.  The objective of this paper is to highlight the 
main features of conduction laser welding process and exemplify some 
conduction laser welding applications.  
E. Assuncao did the welding development, planning of the experiments, and 
analysis of the welds.  
 
S. Williams provided supervision and technical advice. As well as some of the 
application shown in this paper were ideas originally suggested by S. Williams.  
 
S. Ganguly provided his expertise and knowledge in interpretation of the results 
obtained. 
D. Yapp provided supervision and technical advice. 
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Introduction 
Laser welding depending on the processing conditions has broadly two different 
operational regimes conduction and keyhole welding. The beneficial 
characteristics of keyhole welding, especially large penetration depth and 
relatively small heat affected zone attracted more industrial applications.  
However, keyhole welding also presents several problems that may lead to high 
levels of porosities and other weld defects [3, 75, 76]. In keyhole mode welding 
most of the beam is absorbed which may be disadvantageous when welding 
high reflectivity materials (e.g. aluminium).  This is due to the fact that much 
power is needed to start the keyhole but as soon as it starts the absorptivity 
jumps from 3% to 98% which may cause damage  to the welded structure [98]. 
On the other hand, conduction laser welding has been slightly neglected by 
industry despite several advantages. Conduction welding can be a viable 
alternative to keyhole welding mainly due to the fact that it is a very stable 
process and easier to obtain high quality welds free of pores and spatter [145]. 
Conduction  mode of welding occurs when the vaporisation of the material is 
insignificant, in other words, when the thermal intensity is not high enough to 
cause boiling [146]. Conduction laser welding can also be achieved with 
significantly  low laser cost, because it does not require a high beam quality or a 
very high power [99]. The following text will present examples of some of the 
applications of conduction mode laser welding. 
One of the main applications of conduction laser welding is welding aluminium 
alloys. The high strength to weight ratio of aluminium made it a preferred choice 
for structural applications in the transportation and aerospace sector[242]. The 
welds obtained using keyhole laser welding in aluminium have tendency to form 
porosity and weld metal cracking. Normally the porosity presented is associated 
to gas entrapment during solidification and vaporisation of elements with low 
boiling point[179]. Another issue of keyhole welding is formation of solidification 
cracking, mainly at high welding speeds[42]. In order to overcome these issues 
in laser welding some studies on welding of aluminium were carried out using 
conduction mode. Using this mode it was possible to obtain welds with no 
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porosity or cracking [100, 145, 179]. Conduction laser welding also presents 
better mechanical properties when compared to keyhole laser welding due to 
the loss of elements and due to the fast cooling rates obtained in keyhole [145]. 
Another application of conduction laser welding  is in joining of dissimilar 
materials [18]. The use of dissimilar materials in the automotive and aircraft 
industry has initiated several researches in trying to join different materials like 
aluminium to steel. Due to the difficulty of this type of welding several studies 
using resistance spot welding [182, 183],arc welding [184, 185], brazing [186] 
and Friction Stir Welding [187, 188] have been made. However, in recent years 
laser welding has been introduced as an alternative for welding steel to 
aluminium. Studies using keyhole welding in order to join aluminium to steel 
were made [189] but with limited success. Nevertheless, studies using 
conduction laser welding have shown very good results [192-194]. The 
advantage of using conduction laser welding in this application is related to the 
stability of the process that allows a better control of the temperature in the 
interaction area between the aluminium and the steel [193]. 
Conduction laser mode is also used in laser cladding for surface treatment and 
repair. The use of this laser mode allows a more accurate and precise way of 
repairing components. Due to a better control of the heat cycle it is possible to 
produce functionally gradient materials and graded coatings [208, 212]. 
The present works aims at presenting several applications of conduction laser 
welding and how this process can be adopted with other fusion welding process 
e.g. TIG or MIG originating hybrid conduction weld. In this paper some 
examples of conduction laser welds carried out at the Welding Engineering 
Research Centre (WERC), Cranfield University were presented and analyzed in 
terms of its suitability for different critical applications. 
 
 
 
 172 
Experimental Procedure 
 
The welds presented in this paper were made using an IPGYLR-8000 Fibre 
laser with a maximum power of 8000 W and a wavelength of 1070 nm. The 
system consists of a feeding fibre of 200 µm and a process fibre of 300 µm. 
During these experiments the optical setup used was a 125 mm collimating lens 
and a 500 mm focusing lens. Parameters like power used, beam diameter and 
welding speed were adjusted according to the application studied. In order to 
obtain different beam diameters a defocused laser beam was used. Each 
application has a specific experimental setup which will be explained in the 
relevant sections chapter. 
Applications 
In the following chapters some applications of conduction laser welding are 
presented. 
 
Aluminium laser welding in conduction mode 
 
The material used was 12 mm thick aluminium alloy 2024. The chemical 
composition of this alloy is presented in Table A 1. The surface of the aluminium 
was wire brushed and then coated with graphite in order to help the coupling of 
the laser beam to the material. In order to obtain the 5.25 mm beam diameter 
the laser beam was defocused. The welds obtained in this experiments were 
evaluated in terms of weld zone profile, porosity and cracking which are the 
most common defects when laser welding aluminium. 
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Table A 1 - Chemical composition of Aluminium alloy 2024 
Element (wt%) 2024 – T3 
Al Cr Cu Fe Mg Mn Si Ti Zn Others 
90.7-
94.7 
Max 
0.1 
3.8 
– 
4.9 
Max 
0.5 
1.2 
– 
1.8 
0.3 
– 
0.9 
Max 
0.5 
Max 
0.15 
Max 
0.25 
0.15 
 
Figure A 1 show one of the welds obtained using conduction laser welding of 
aluminium. The parameters used in this experiment were a power of 4.5 kW, a 
welding speed of 0.6 m/min and a beam diameter of 5.25 mm. 
 
 
Figure A 1 - Metallographic image of the weld bead 
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Figure A 2 - Micrograph of the melted area and heat affected zone of the 
weld 
Evaluating Figure A 1 and Figure A 2 it is possible to see that the common 
defects associated to laser welding of aluminium, like porosity and cracking, are 
not present. The weld bead profile also presents a very flat top surface. The 
main advantage of this mode during welding of aluminium alloys is no 
vaporization which is one of the main causes of porosity. Other advantage is the 
slow cooling that improves the weld bead geometry. 
 
High quality low carbon steel welds 
Tests were made in 12 mm plates of S275 mild steel in order to evaluate the 
welds obtained when using conduction mode. Table A 2 presents the chemical 
composition of the S275 mild steel. The surface of the plate was wire brushed 
and then cleaned with acetone. In order to obtain the 5 mm beam diameter the 
laser beam was defocused. PureShield Argon was used as shielding gas with a 
flow rate of 10 l/min.  
Table A 2 - Chemical composition of S275 mild steel 
Element (wt%) S275 mild steel 
C Mn Si P Fe 
0.25 1.60 0.50 0.05 Balance 
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During welding no spatter was observed. The absence of spatter is also related 
to the fact that in conduction mode there is no vaporization, which causes 
spatter. 
 
Figure A 3 - Macro-profile of a conduction weld in S275 mild steel 
The weld in Figure A 3 was obtained using 7kW of power, a beam diameter of 5 
mm and a welding speed of 0.3 m/min. The results emphasise one of the main 
characteristics of conduction welding, which is the stability of the process, 
noticeable. This also results into good surface appearance. The fact that during 
welding no spatter occurs explains why using this process it is possible to 
obtain a weld profile with no undercut and porosity.  
 
Joining Aluminium to steel 
In this experiment the materials used were AA2024 (composition shown in 
Table A 1) and a low ferritic carbon steel, the composition is shown in Table A 
3.  
Table A 3 - Chemical composition of Low carbon Steel 
Element (wt%) Low Carbon Steel 
C Si Mn P S Cr Ni Cu Fe 
0.15 0.17 0.52 0.019 0.021 0.1 0.1 0.1 Balance 
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Complete overlap welds were made using steel on top and the aluminium on 
the bottom. This configuration gives better weld quality mainly due to the 
thermal characteristics of both materials. The thermal conductivity of aluminium 
being higher than that of steel, when aluminium is used on top it  results into a 
much larger interfacial area. This is because the heat tends to flow along the 
interface in the aluminium part rather than heating the steel. When steel was 
used on top the thermal conductivity of the two materials allow a better 
conduction of heat from the steel to the aluminium.  
 
 
Figure A 4 - Micrograph of the interface between aluminium and steel 
 
 
Figure A 5 - Micrograph with higher magnification of the interfacial area 
The parameters used in the weld presented in Figure A 4 and Figure A 5 were a 
Laser power of 4 kW, a beam diameter of 13 mm and a welding speed of 0.5 
Steel  
Aluminium 
Steel  
Aluminium  
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m/min. There was no defect on the joint area between steel and aluminium 
including the interfacial area. It is possible to see that there is a thin layer of 
intermetallics formed due to interfacial reaction between the two materials. The 
mechanical properties of the joint were found not to be affected by this thin 
intermetallic layer. 
Welding aluminium to steel is very difficult to implement. The use of conduction 
laser welding allows a better control of the heat delivered to the work piece. In 
order words by using this laser welding mode it is possible to control the melting 
of both materials, which for this specific application is of great importance. The 
main idea is to conduct the heat generated by the laser beam through the steel 
without melting the steel or by just having very small amount of melted material 
and melt the aluminium underneath.   
 
Laser brazing of stainless steel to metal foams 
 
In this experiment two different varieties of metallic materials were used. The 
first one was 304L Stainless steel, the composition of this material is presented 
in Table A 4. The other material was nickel-chromium metal foam in two 
different grades. The grades used were the 1116 grade with maximum of 16 
pores per sq- inch and the 3743 grade with a maximum of 43 pores per sq- 
inch. Both the foams used were 5 mm thick. 
Table A 4 - Chemical composition of 304L Stainless Steel 
Element (wt%) 304L Stainless Steel 
C Mn Si Ph Ag Cr Ni N Fe 
0.03 2.0 0.75 0.045 0.03 14.0 12.0 0.1 Balance 
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The welding operation was carried out in lap configuration with the stainless 
steel on top of the metal foam. In order to have a proper coupling with the laser 
the stainless steel was coated with graphite. In the junction of the two materials 
Silver braze foil was used. The composition of the brazing foil is presented in 
Table A 5 
 
Table A 5 - Chemical composition of the brazing foil 
Element (wt%) Brazing Foil 
Ag Cu Zn Cd 
40.0 19.0 20.0 20.0 
 
The principle of this application was the use of conduction mode in order to 
conduct the heat using the stainless steel allowing the foil to be melted which 
will then wet both the surfaces to form the joint The final results, shown in 
Figure A 6 and Figure A 7, where obtained using a 15 mm beam diameter, 0.3 
m/min welding speed and a power of 1.4 kW. 
 
 
Figure A 6 - Micrograph of laser braze joint of stainless steel to 1116 
Grade foam 
304 L Stainless 
Steel 
Foil 
Metal 
Foam 
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Figure A 7 - Micrograph of laser braze joint of stainless steel to 3743 
Grade foam 
 
The use of conduction mode in laser brazing showed significant advantages. 
When compared to other processes fusion welding processes e.g.TIG, MIG and 
torch brazing conduction mode laser brazing has the advantage of higher 
productivity. In terms of the overall quality of the joint, laser brazing showed 
very good results. Vacuum brazing is the only other technique that can produce 
equivalent or superior joints as compared to laser conduction brazing. However, 
this process can be applied to samples of any size while in vacuum brazing the 
size is limited by the size of the vacuum furnace. This application highlights 
another property of conduction mode which is the stability of the process that 
allows a better control of the heat along the work piece. To summarize laser 
brazing in conduction mode presented not only very good results but also as 
process with high productivity, flexibility and stability. 
 
Laser-Arc hybrid conduction welding 
 
The material used in this part of the paper was 1.6 mm thick plates of aluminium 
alloy 2024; the composition of this material is presented in Table A 1. All the 
welds were made in butt joint configuration. The surface of the aluminium was 
304 L Stainless 
Steel 
Foil 
Metal 
Foam 
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wire brushed and cleaned with acetone. The 5 mm beam diameter was 
obtained by defocusing the laser beam. The TIG power supply used was a 
Migatronic BDH 440 Commander with an electrode of 3.2 mm diameter. In this 
experiment AC TIG mode was used with 70% cleaning during the positive half 
cycle in order to pre clean the surface and reduce the top surface oxidation. 
PureShield Argon was used as the protective shielding gas and also as trailing 
and back shielding. The filler wire used was 1.2 mm diameter 2139 which has a 
composition of aluminium and 6% of copper. The wire was fed perpendicular to 
the welding direction. In order to control distortion a vacuum fixture was used.  
The idea of using TIG in order to assist conduction mode welding of aluminium 
is to prevent reflection of the laser beam by aluminium workpiece. The TIG 
process will pre-melt the surface of the aluminium allowing a better coupling by 
the laser beam avoiding the use of graphite on the surface of the aluminium. In 
order to achieve this, trials were taken with the TIG torch leading and the laser 
beam trailing.  
Figure A 8 present an example of a weld obtained using hybrid laser in 
conduction mode plus TIG welding process. In this sample the parameters used 
were the following, 2 kW of laser Power, a Beam Diameter of 5 mm, TIG current 
of 80 A, wire feed speed of 2.3 m/min and a welding speed of 1 m/min. 
 
Figure A 8 - Macrograph of the TIG plus laser in conduction mode weld 
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Figure A 9 - Micrograph of the TIG plus laser in conduction mode weld 
Based on Figure A 8 and Figure A 9 it is possible to see that by using the 
welding process it is possible to obtain extremely high quality welds, with no 
porosity, cracks, undercut or spatter. Also the use of a hybrid process solves 
the problem of reflection of the laser beam when welding aluminium alloys in 
conduction mode without the use of surface treatment to help absorption.  
 Conclusion 
The use of conduction laser welding described in this paper show a whole 
range of possibilities for advanced and critical joining applications. Laser 
conduction mode of welding was shown to be extremely applicable where high 
quality and stable welds are required. The fact that in conduction mode there is 
hardly any vaporisation of elements, defects like porosity, excessive spatter, 
undercut etc. are eliminated improving the overall aspect and properties of the 
weld bead. Larger beam diameter used in conduction mode allows a bigger fit 
up tolerance. Normally conduction laser welding is associated to the welding of 
aluminium; although the whole range of applications is yet to be fully explored.  
 
